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1 .0  INTRODUCTION 


Eight  major  tasks  listed  below  have  been  planned  to  achieve  the  program  objec¬ 
tives.  Namely,  (a)  assessing  the  validity  of,  and  recommending  improvements  to 
MIL  A-83444,  (b)  developing  guidelines  for  identifying  the  most  critical  initial 
primary  damage  locations  for  typical  aircraft  structures,  and  (c)  assessing  and 
improving  the  state-of-the-art  analytical  methods  to  satisfy  the  requirements  of 


MIL  -A-83444 . 

Task 

I : 

Analytical  Methods 

Task 

II: 

Basic  Tests 

Task 

III: 

Analytical  Predictions 

Task 

IV: 

Structural  Tests 

Task 

V: 

Analytical /Experimental  Correlations 

Task 

VI: 

Assessment  of  and  Recommended  Improvements  to  MIL-A-83444 

Task 

VII: 

Guidelines  for  Selecting  Most  Critical  Initial  Primary  Damage 

Location 

Task 

VIII: 

Assessment  of  and  Improvements  to  Damage  Tolerance  Analyses 

The  purpose  of  this  report  is  to  present  the  Test  Data  obtained  from  the  Basic 
Test  Program  (Task  II)  and  the  Structural  Test  Program  (Task  IV).  The  test  data 
will  be  correlated  with  Analytica1  Predictions  (Ref.  Volume  III),  to  assess  the 
state  of  the-art  capability  in  predicting  crack  growth  and  crack  Initiation  of 
specimens  representative  of  typical  aircraft  structure. 

The  Basic  Test  Program  included  sixty  (60)  tensile  specimens  used  to  establish 
static  allowables  for  the  material  used  during  the  Structural  Test  Program.  It 
also  included  eighty  (80)  crack  initiation  specimens  to  evaluate  fatigue  initia¬ 
tion  allowables  used  during  the  analytical  prediction  of  crack  Initiation.  The 
fracture  toughness  allowables  for  the  material  form  used,  were  evaluated  using 
twenty  (20)  center  crack  tension  * CC T ‘  type  specimens.  These  specimens  pro 
vided  fracture  toughness  and  fracture  resistance  curves  (R  curves)  for  the 


material  used  during  the  Structural  Test  Program.  Constant  amplitude  crack 
growth  rates  were  also  evaluated  using  sixty  four  (64)  ' CCT '  specimens. 

The  material  selectel  for  the  entire  program  was  7075-T6XX  and  2024-T3XX  to 
represent  typical  bomber  and  fighter  wing  material,  respectively.  The  loading 
spectra  chosen  were  the  'AMAVS1  randomized  loading  spectrum  to  represent  a 
bomber/cargo  type  aircraft  and  the  ' A -1 OA '  loading  spectrum  to  represent  a 
f ighter/trainer  type  aircraft  (Ref.  Appendix  A).  An  additional  loading  spectrum 
was  constant  amplitude.  This  spectrum  was  determined  based  on  its  equivalence 
in  damage  to  the  A-10A  flight  spectrum.  Both  the  'AMAVS'  and  the  'A-10A'  load¬ 
ing  spectra  contained  marker  band  loadings  applied  at  predetermined  Intervals. 
Verification  of  the  'AMAVS1  marker  band  loading  was  established  prior  to  the 
structural  test  via  simple  coupon  tests. 

The  Structural  Test  Program  included  thirty-six  (36)  lap-joint  specimens,  and 
thirty-six  (36)  stinger  reinforced  specimens.  The  purpose  of  the  Structural 
Test  Program  was  to  evaluate  the  analytical  methods  capabilities  in  predicting 
crack  initiation  and  crack  growth  of  structural  configuration  typ-.cal  to  these 
found  in  aircraft  construction. 


2.0  TENSILE  TESTS  PROGRAM 


The  purpose  of  the  tensile  test  program  was  to  establish  the  material  accept¬ 
ability  and  to  provide  the  static  allowables  of  the  material  selected.  The 
parameters  evaluated  included  yield,  ultimate  allowables,  and  percentage  elon¬ 
gation.  The  tests  were  performed  in  two  grain  directions,  namely,  longitud¬ 
inal  and  transverse  directions.  The  testing  set-up  and  requirements  were  in 
accordance  with  ASTH  standard  E-8. 

2.1  TEST  SPECIMENS 

Sixty  (60)  specimens  were  fabricated  and  tested.  The  material  selected  to 
represent  attack/fighter/trainer  aircraft  was  2024-T3XX  aluminum  alloy.  Four 
(4)  product  forms  were  selected: 

MATERIAL  PRODUCT  FORM 

2024-T3  Sheet 

2024  T351  Plate 

2024 -T351 l  Extruded  Tee 

2024  -T351 1  Extruded  Angle 

The  material  selected  to  represent  bomber/transport/cargo  aircraft  is  7075- 
T6XX  aluminum  alloy  which  is  used  in  the  wing  structure  of  aircraft  such  as 
C-5A,  DC-8  and  the  8-52.  Four  (4)  product  forms  were  selected: 

MATERIAL  PRODUCT  FORM 

7075 -T6  Sheet 

7075  -T651  Plate 

7075-T651 1  Extruded  Tee 

7075-T651 1  Extruded  Angle 

2.2  TEST  ENVIRONMENT 

The  tensile  specimens  were  tested  in  controlled  lab  air  environments.  They 
were  fabricated  by  FRC  and  tested  by  the  Dickson  Testing  Co.,  located  at 
South -Gate,  California. 


2.3  TEST  RESULTS 

The  tensile  properties  of  sixty  (60)  coupons  are  presented  in  Table  2-1  and 
22  for  2024  T3XX  and  7075-T6XX  aluminum  alloys,  respectively.  The  raw  test 
data  were  processed  in  accordance  with  ASTM  Standard  E-8.  All  the  tensile 
properties,  except  those  marked  with  asterisks,  met  the  requirements  given  by 
the  Federal  Specifications  QQ-A-  200/110,  3C  and  QQ-A-250/12E,  4E.  Those  data 
marked  with  asterisks  are  below  the  A-Allowable  specified  in  MIL-H0BK-50.  The 
corresponding  A-Allowable  is  given  in  parenthesis.  A  comparison  shows  that 
the  largest  deviation  is  4%  below  the  A-Al lowables . 
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TABLE  2-1.  TENSILE  PROPERTIES  OF  2024-T3XX 


PRODUCT  FORM/ 
MATERIAL 

DIRECTION 

YIELO 
STRENGTH 
(ksi ) 

ULTIMATE 

STRENGTH 

(ksi) 

ELONGATION 

(%> 

YOUNG'S 

MODULUS 

(ksi) 

0.19  Sheet 

Longitudinal 

53.1 

67.7 

15.5 

10,900 

(2024-T3) 

52.9 

66.3 

13.5 

11,000 

53.3 

68.1 

13.5 

10,3000 

Transverse 

45.0 

66.9 

18.0 

11,000 

44.7 

67.2 

18.0 

11,000 

45.3 

67.4 

18.0 

11,000 

0.09"  Sheet 

Longitudinal 

52.8 

68.9 

17.5 

11,900 

( 2024-T3) 

52.9 

69.1 

17.5 

n.ooo 

53.0 

68.9 

16.0 

11,400 

Transverse 

47.5 

67.7 

21 .0 

10.600 

38 .4*(40) 

67.5 

17.5 

9,400 

41.7 

67.3 

19.0 

10,600 

0.25"  Plate 

Longitudinal 

51.2 

70.2 

20.5 

10,800 

(2024-T351 

51.0 

69.9 

21.0 

10,300 

Plate) 

51 .0 

69.9 

19.0 

10,400 

Transverse 

45.3 

67.0 

18.5 

11,000 

45.6 

67.1 

19.0 

10,700 

45.3 

67.0 

19.0 

11,400 

0.19“  Tee 

Longitudinal 

53.5 

67.8 

17.5 

11,400 

( 2024 -T331 1 

53.1 

67.6 

18.5 

11,200 

Extrusion) 

53.2 

66.8 

17.5 

10,400 

Transverse 

50.8 

53.6*(54) 

- 

11,200 

50.4 

66.9 

8.0 

9,800 

50.4 

67.2 

7.0 

11,200 

0.25"  Angle 

Longitudinal 

47.9 

62.7 

22.5 

11,200 

( 2024 -T  351 1 

47.7 

62.2 

21 .0 

11,300 

Extrusion) 

47.2 

61  .9 

20.5 

10,800 

T  ransverse 

44.8 

55 . 3*( 56) 

10.0 

11,700 

41.7 

53.9*(56) 

12.0 

10,700 

43.2 

67.5 

10.0 

8,400 

*Below  A  -  A 1  lovable 


TABLE  2-2.  TENSILE  PROPERTIES  OF  7075-T6XX 


PROOUCl  FORM/ 
MATERIAL 

DIRECTION 

YIELD 

STRENGTH 

(ksl) 

ULTIMATE 

STRENGTH 

(ksi) 

ELONGATION 

(X) 

YOUNG'S 

MODULUS 

(ksl) 

0.31“  Plate 

Longitudinal 

77.6 

82.7 

13.5 

10,200 

(  7075-T651 

78.1 

82.7 

13.0 

10,200 

Plate) 

78.1 

82.7 

14.0 

9,800 

Transverse 

75.3 

84.0 

12.5 

9,900 

75.9 

84.5 

11.5 

9,700 

75.1 

83.9 

14.5 

10,900 

0.16“  Sheet 

Longitudinal 

76.5 

81.5 

15.0 

10,600 

( 707  5-T6 

77.3 

82.2 

15. C 

10,100 

Sheet) 

77.8 

81.0 

15.0 

10,400 

Transverse 

74.0 

84.1 

13.5 

11.000 

73.8 

84.3 

13.0 

10,700 

73.8 

84.4 

13.5 

10,700 

0.4“  Plate 

Longitudinal 

77.2 

79.7 

15-0 

11,100 

( 7075  -T651 

77.7 

79.4 

13.5 

11 ,100 

Plate) 

76.7 

79.7 

13.0 

11 ,100 

Transverse 

73.2 

79.6 

11.5 

10,500 

72.0 

79.5 

11.5 

10,800 

72.7 

79.2 

11.5 

10,800 

0.31"  Tee 

Longitudinal 

78.6 

86.0 

13.5 

10,400 

( 7075-T651 1 

79.1 

86.3 

12.5 

11,400 

Extrusion ) 

79.1 

86.3 

12.5 

10,900 

Transverse 

71.3 

77 . 1 *( 78) 

9.0 

10,300 

69.2 

76.3*(7S) 

10.0 

10,200 

68.8 

76. 5*(78) 

9.0 

10,300 

031"  Angle 

Longitudinal 

82.4 

89.0 

12.5 

10.500 

(  .075  1651  1 

83.7 

90.3 

11.5 

10,000 

Extrusion) 

81  .9 

88.3 

11.5 

10,800 

1 ransverse 

76.6 

85.5 

7.0 

11 ,100 

77.8 

85.3 

13.0 

9,700 

77.2 

84.9 

13.0 

9,900 

*Below  A  Al lowable 
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3.0  CRACK  INITIATION  TEST  PROGRAM 


The  purpose  of  the  crack  initiation  test  program  was  to  provide  fatigue  Initi¬ 
ation  allowables  of  the  product  form  used  during  the  structural  test  program. 
The  initiation  allowables  were  fit  Into  the  strain  energy  density  equation 
given  by: 


where; 


S 

max 


=  the  maximum  strain  energy  density 


N  =  number  of  cycles  to  fatigue  failure 

K  -  stress  severity  factor 

Sj.,  m  =  coefficient  obtained  from  test 


The  coefficients  and  m  were  determined  from  specimens  without  Interfer¬ 
ence  fit  fasteners,  clamp-up  and  faying  surface  sealant  (Group  A,  Table  3-1). 
Additional  coupon  tests  using  one  or  more  of  the  above  three  parameters  (Group 
B,  C,  0,  Table  3-1)  provided  data  which  accounts  for  their  presence. 


Equation  3.1  together  with  the  Damage  Index  ' d ^ ‘  (Equation  3.2)  provided  the 
data  needed  to  predict  crack  initiation  at  the  edge  of  a  hole. 


d 


1 


5 

max 


3.2 


The  Damage  Index  coefficients  ,  C?  are  found  to  be  functions  of  mater 
Ial,  and  they  were  evaluated  for  2024-T3XX  and  7075-TbXX  aluminum  alloys. 


3.1  TEST  SPECIMENS 

The  specimen  configurations,  selected  for  this  task  are  shown  in  Figures  3-1 
through  3-*.  They  Included  'one  hole'  specimens  with  and  without  load  trans¬ 
fer,  and  'two  hole'  slotted  specimens  with  and  without  load  transfer.  The 


7 


m 


latter  specimen  type  was  designed  to  simulate  cracked  joints,  with  the  crack 
extended  between  two  fastener  holes.  The  amount  of  load  transfer  varied  be¬ 
tween  10%  and  50%.  Hi-Lok  type  attachments  were  Installed  with  Interference 
fit  according  to  FRC  specifications,  or  with  clearance  fit.  Another  two 
parameters  evaluated  were  the  degree  of  Hl-Loks  clamp-up  and  the  presence  of  a 
sealant  at  the  faying  surfaces.  The  two  materials  selected  for  this  task  were 
2024  13XX  and  7075-T6XX  plates  to  represent  wing  primary  structure  for  fighter 
and  bomber  type  aircraft,  respectively.  Each  set  of  specimens  were  fabricated 
from  one  plate  as  shown  in  Figure  3-5. 

3.2  TEST  ENVIRONMENT 

The  crack  initiation  specimens  were  tested  in  a  controlled  lab-air  environ¬ 
ment.  The  testing  was  conducted  at  FRC  testing  laboratories  located  in 
Farmingdale,  NY.  The  loading  frequency  was  3-5  Hz. 

3.3  TEST  DESCRIPTION 

The  test  specimens  were  subjected  to  constant  amplitude  spectra  with  a  stress 
ratio  of  R=0.0.  The  maximum  stress  varied  between  9.50  ksi  and  34.0  ksl,  de¬ 
pending  cn  the  specimen  configuration  and  material.  The  four  groups  of  tests 
shown  in  Table  3-1  display  an  increasing  complexity  In  test  parameters  from 
Group  A  to  Group  D.  Group  A  test  specimens  did  not  have  Interference-fit  fas¬ 
teners,  clamp-up,  or  sealant.  The  results  from  this  group  of  tests  are  to  be 
used  for  determining  the  coefficients  in  Equation  3.1.  Group  B  test  speci¬ 
mens  have  interference-f it  fasteners,  but  no  clamp-up  or  sealant.  The  results 
from  this  group  of  tests  were  to  be  used  for  determining  the  coefficient  a  . 
Group  C  test  specimens  have  Interference-fit  fasteners  with  standard  clamp- 
up.  The  results  from  this  group  of  tests  were  to  be  used  for  determining  the 
coefficient  0  .  Group  0  test  specimens  have  interfe/ence-f It  fasteners  with 
standard  clamp -up  and  sealant.  The  results  from  this  group  were  to  be  used 
for  determining  the  coefficient  y  .  However,  due  to  the  relative  few  number 
of  specimens  tested  and  the  scatter  in  test  results,  it  was  not  possible  to 
make  definite  conclusions  concerning  the  effect  of  each  variable.  Therefore, 
a  multiplication  factor  was  obtained  in  terms  of ■ 


3.4  TEST  RESULTS 

The  crack  Initiation  test  results  are  summarized  in  Tables  3-2  through  3-5  for 
2024 -T3  and  7075-T651  specimens  respectively.  The  tables  Include  the  follow¬ 
ing  parameters: 


=  Remote  stress  (=  load  divided  by  gross  area). 

-  Theoritical  stress  concentration  factor. 

=  Neuber  stress  concentration  factor. 

=  Maximum  strain  density  (=  1/2  (  <7  k  )2/E) 

-  Experimental  number  of  cycles  to  failure. 

=  Predicted  number  of  cycles  to  failure. 

-  Predicted  number  of  cycles  to  failure  for  (T  =  0.050  in. 

o 

=  Damage  index. 


The  Group  A  test  data,  which  were  obtained  from  those  specimens  without  inter 
ference,  clamp-up,  or  sealant,  are  plotted  on  Figures  3-6  and  3-7  as  maximum 
strain  energy  density  (S)  versus  cycles  (N).  The  data  points  are  curvefitted 
into  the  following  two  equations. 


Smax  -  10.4261  N 


-0.3660 


for  2024-T3 


Smax  20.4257  N 


-0.4515 


for  707 5-T651 


The  Groups  6,  C  and  0  test  data  were  originally  intended  to  obtain  emperical 
constants  a  ,  p  and  y  which  would  account  for  the  effect  of  interference, 
clamp-up.  and  sealant  in  the  calculation  of  the  stress  severity  factor,  k, 
defined  in  Equation  3.5. 


k  -  apy  kH  3.5 

However,  the  Groups  B,  C  and  0  test  data,  as  shown  in  Figures  38  and  3-9,  in 
dicate  that  a  distinction  among  a  ,  p  and  y  cannot  be  made  on  the  specimens 
representing  production  quality.  Therefore,  the  product  aP  Y  is  utilized  to 
account  for  the  combined  effect  of  interference,  clamp-up  and  sealant.  In 
Figures  3-8  and  3-9,  a  line  representing  the  lower  bound  of  test  data  is  drawn 


to  be  parallel  to  the  line  representing  Group  A  test  data.  The  product  O ifiy 
was  determined  by  comparing  the  two  lines  shown  in  Figures  3-8  and  3-9.  The 
product  a/Syso  obtained  is  presented  below. 

apy  -  0.8503  for  2024  T3  3.6 

<X0y  =  0.8126  for  7075  -T651  3.7 

It  should  be  mentioned  that  the  product  ctfi  Y  are  conservative  because  they 
were  determined  from  the  lower  bound  of  test  data. 

The  total  fatigue  life,  Ntp,  of  the  various  specimens  were  predicted  using 

Equations  3.3  and  3.4.  The  crack  growth  life,  N^,  was  also  predicted,  using 

the  "DAMGRO"  computer  program.  The  initial  flaw  for  each  specimen  was  an 

0.050  inch  circular  corner  flaw.  The  life  required  to  Initiate  an  0.050  inch 

circular  corner  crack  is  defined  as  (N.  -  N  ). 

tp  g 

The  Damage  Index  d..  vs.  S  of  Group  A  and  Groups  B,  C,  D  are  shown  in  Figures 
3-10  and  3-11  for  2024 -T3  material,  and  have  the  following  form: 

di  -  1 .0  -  0.629  S  Group  A  3.8 

d..  *  1.0  -  0.540  S  Groups  B,  C  and  D  3.9 

lhe  Oamage  Index  for  Group  A  and  Groups  B,  C,  D  for  707 5 - T65 1  are  shown  In 
Figures  3-12  and  3-13  respectively,  and  have  the  form: 


d. 

-  0.873 

-  0.795  S 

Group  A 

3.10 

di 

-  0.958 

-  0.619  S 

Groups  B,  C  and  0 

3.11 

o 


o 
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TABLE  3-1.  CRACK  INITIATION  TEST  PLAN 
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TABLE 

3-2. 

CRACK 

INITIATION 

TEST  RESULTS 

FOR 

2024-T3XX 

47  max 

CYCLES 

SPECIMEN 

LOAD 

INTER- 

CLAMP- 

TO 

10 

TRANSFER 

FERENCE 

UP  SEALANT 

(KSI) 

FAILURE 

12A01 

Open 

Hole 

No 

No  No 

34.0 

11,405 

12A02 

i 

J 

i 

V  1 

34.0 

11,046 

12A03 

23.0 

20,462 

12A04 

28.0 

21,451 

1  2  AOs 

16.0 

8,736 

1 2A06 

16.0 

7,008 

I  2A07 

r 

20.0 

3,485 

12A08 

Open 

Hole 

20.0 

4,454 

12A09 

8. 

.4% 

18.0 

538,166* 

12A10 

8 

.4% 

18.0 

37,956 

12A11 

29. 

.2% 

32.0 

4,110 

12A12 

29. 

.2% 

„ 

32.0 

13,188 

12A13 

4 

.1% 

25.0 

1.128 

12A14 

4 

.1% 

25.0 

1,774 

12A15 

32.8% 

\ 

20.0 

3,791 

12A16 

32 

.8% 

No 

20.0 

3,788 

12A17 

0 

Yes 

34.0 

118,484 

12A18 

0 

i 

34.0 

49,616 

12AI9 

0 

18.0 

18,138 

12A20 

0 

18.0 

11,002 

12A21 

24 

.8% 

16.0 

91,857 

12A22 

24 

.8% 

16.0 

77,439 

12A23 

26 

.7% 

20.0 

8,226 

12A24 

26 

.7% 

No  ! 

20.0 

12,628 

12A25 

8 

.4% 

Yes  ! 

34.0 

22,435 

12A26 

8 

.4% 

i 

i 

34.0 

15,653 

12A27 

29 

.2% 

24.0 

111,843 

12A28 

29 

.2% 

24.0 

32,102 

1  2A29 

9 

.1% 

22.0 

5,037 

12A30 

9 

.1% 

22.0 

55,559 

12A31 

32 

.8% 

1 

i 

20.0 

29.085 

12A32 

32 

.8% 

No 

20.0 

12,346 

12A33 

24 

.8% 

Yes 

34.0 

22,834 

12A34 

24 

.8% 

■1 

i 

34.0 

9,598 

12A35 

24 

.8% 

20.0 

i29,8?o 

1  2A36 

24 

.8% 

20.0 

336,088 

12A37 

32 

.8% 

14.0 

207,655 

12A38 

32 

.8% 

\ 

14.0 

105,117 

12A39 

32 

.8% 

\ 

i 

'  i 

i 

20.0 

43,974 

12A40 

32 

.8% 

Yes 

Yes  Yes 

20.0 

22,496 

*Oid  not  fail 
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TABLE  3-3.  CRACK  INITIATION  TEST  RESULTS  FOR  7075-T6XX 


SPECIMEN 

10 

LOAD 

TRANSFER 

INTER¬ 

FERENCE 

CLAKP- 

UP 

SEALANT 

O  max 

(KSI) 

CYCLES 

TO 

FAILURE 

17A01 

Open 

Hole 

No 

NO 

No 

34.0 

6,733 

17A02 

i 

k 

i 

i 

34.0 

6,138 

17A03 

28.0 

12,329 

17A04 

28.0 

18,122 

17A05 

16.0 

9,144 

17A06 

16.0 

1 1 ,284 

17A07 

\ 

' 

20.0 

3,543 

17A08 

Open 

Hole 

20.0 

1  ,583 

17A09 

8 

.4% 

18.0 

110,033 

17A10 

8 

.4% 

18.0 

51 .746 

1  7  AT  1 

29 

.2% 

32.0 

4,577 

17A12 

29 

.2% 

32.0 

2,913 

1  7 AT  3 

4 

25.0 

1  ,087 

17A14 

4 

.1% 

25.0 

958 

1  7  AT  5 

32 

.8* 

r 

2C.0 

24,795 

1  7A1 6 

32 

.8% 

NO 

20.0 

37,898 

1  7  AT  7 

U 

Yes 

34.0 

105,463* 

17A18 

( 

3 

i 

34.0 

82,670 

1  7  AT  9 

( 

3 

18.0 

94,630 

17A20 

( 

3 

18.0 

13,661 

17A21 

24 

.8% 

16.0 

152,043 

17A22 

24 

.8% 

16.0 

183,444 

17A23 

26 

.1% 

i 

' 

20.0 

5,575 

17A24 

26 

.7% 

NO 

20.0 

4,140 

17A25 

8 

-4* 

Yes 

34.0 

10,034 

77A26 

8 

.4% 

1 

\ 

34.0 

11,725 

17A27 

29 

.2% 

24.0 

30,414 

17A28 

29 

.2% 

24.0 

19,220 

17A29 

9 

•  IX 

22.0 

7,269 

17A30 

9 

.1% 

22.0 

4,140 

77A31 

32 

.8% 

i 

20.0 

485,555 

17A32 

32 

.8% 

No 

20.0 

101,265 

1  7A33 

24 

.8% 

Yes 

34.0 

7,034 

17A34 

24 

.8% 

t 

34.0 

5,977 

17A35 

24 

.8% 

20.0 

48,168 

I7A36 

24 

.8% 

20.0 

63,417 

17A37 

32 

.8% 

14.0 

19,146 

17A38 

32 

.8% 

14.0 

17,051 

17A39 

32 

.8% 

i 

r 

1 

f 

\ 

i 

20.0 

107,842 

I7m40 

32 

.8% 

Yes 

Yes 

Yes 

20.0 

101,266 

*l)id  not  fail 


TABLE  3-4.  SUMMARY  OF  CRACK  INITIATION  DATA  FOR  2024-T3XX 


♦ONE  SPECIMEN  DID  NOT  FAIL 


TABLE  3-5.  SUMMARY  OF  CRACK  INITIATION  DATA  FOR  7075-T6XX 


LOAD 

GROUP  TRANSFER 


None 
None 
None 
None 
8.4 
29.2 
9. IX 
32. 8% 


None 
None 
24. 8% 
26.7% 


8.4 

29.2 

9.1% 

32.8% 


HOLE  CONDITION 


FILLED  HOLE 


EN  INTER- 
LE  FERENCE 


D 

24.8! 

24.0: 

32.8! 

32.81 

CLAMP-  SE 
UP  A 


ksl 

<To  kt  kN 


16.0  6.47  5.12  0.33 

20.0  6.47  5.12  0.52 

18.0  3.4  2.81  0.13 

32.0  4.38  3.55  0.64 

25.0  6.96  5.48  0.93 

9.5  8.00  6.27  0.17 


34.0  3.1  2.48  0.38 

18.0  6.47  5.12  0.42 

16.0  4.0  3.26  0.13 

20.0  7.71  6.05  0.72 


34.0  3.4  2.81  0.45 

24.0  4.38  3.55  0.36 

22.0  6.96  5.48  0.72 

9.5  8.00  6.27  O.H 


34.0  4. 

20.0  4. 

14.0  8. 

9.5  8. 
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TEST  LIFE 
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80,890 
3,745 
1 ,022 
31,346 

94,066 
91 ,936 
118,926 
6,421 

11,784 

22,922 

13,840 

374,502 

7,982 

51,427 

25,328 

225,088 


Nj  (CYCLES) 


Figure  3-12.  dj  vs  S  Oata  for  2024-T3  Groups  B,  C  and  0  Specimens 
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4.0  FRACTURE  TOUGHNESS  TEST  PROGRAM 


The  purpose  of  the  fracture  toughness  test  program  was  to  establish  fracture 

toughness  allowables  for  the  material  form  used  during  the  structural  test 

program  defined  in  Task  IV.  The  test  included  an  evaluation  of  the  critical 

fracture  toughness  factor  'K  '  and  the  construction  of  the  resistance 

app 

curves  (R-Curves).  The  test  procedure  and  data  reduction  were  performed  in 
compliance  with  ASTM  E561 . 

4.1  TEST  SPECIMENS 

Twenty  (20)  center  crack  tension  (CCT)  specimens  were  tested.  The  materials 
selected  were  *2024-T3XX"  and  "7075-T6XX*  aluminum  alloys  in  various  product 
form  as  shown  in  Figures  4-1  through  4-4.  The  material  type  and  product  form 
was  consistent  with  the  type  used  during  the  structural  test  program. 

The  specimens  were  fabricated  from  sheet,  plate,  extruded  angle  and  extruded 
'Tee'  section.  The  initial  flaws  were  introduced  at  the  mid  section  of  each 
specimen  by  a  sawcut  followed  by  the  application  of  constant  amplitude  load¬ 
ing.  The  magnitude  of  the  maximum  load  did  not  exceed  40%  of  the  yield  value 
based  on  net  section.  The  loading  continued  until  crack  propagation  of  0.050 
In.  at  each  side  of  the  initial  sawcut  was  achieved.  The  size  of  the  crack 
at  the  start  of  the  fracture  toughness  test  was  within  30  to  40  percent  of  the 
specimen  width 

4.2  TEST  ENVIRONMENT 

The  fracture  toughness  test  program  was  conducted  under  controlled  lab-air 
environment,  at  FRC  testing  laboratories  located  In  Farmlngdale,  N.Y. 

4.3  LOADING 

Constant  amplitude  loading  was  initially  applied  to  obtain  a  sharp  Initial 
crack.  The  magnitude  of  the  load  was  set  to  40%  of  the  yield  stress  based  on 
net  section.  Ouring  the  fracture  toughness  test  phase,  the  load  was  Incremen¬ 
tally  increased  until  fast  fracture  was  achieved.  Measurement  of  the  crack 
opening  was  obtained  using  a  cracx  opening  gage  Installed  at  the  crack  mid 
section.  This  data  was  used  to  determine  the  fracture  resistance  curves 
(R-Curves) . 
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4.4  TEST  RESULTS 

The  test  results  of  twenty  (20)  fracture  toughness  specimens  are  summarized  In 
Table  4-1.  In  general  the  sheet  material  exhibited  higher  fracture  toughness 
than  the  extruded  material  for  2024-T3  and  7075-T6  aluminum  alloy.  The 
critical  fracture  toughness  was  evaluated  for  each  specimen  In  terms  of 
apparent  fracture  toughness  Kapp  using  the  equation: 

K»"  ■  )) 1/2 

Where  ‘P  '  is  the  maximum  applied  load  recorded  just  before  specimen  fall- 

(Dd  X 

ure  and  'ao'  Is  the  Initial  half  crack  length  at  the  start  of  the  specimen 
loading. 

The  Raw  Test  Data  are  presented  in  Figures  4-5  through  4-24.  It  Includes 
Initial  specimen  configuration  and  crack  opening  displacement  vs.  applied 
load.  This  data  were  reduced  (Ref.  Volume  III)  to  obtain  R-Curves  for  the 
material  In  question. 
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TABLE  4-1.  FRACTURE  TOUGHNESS  TEST  OATA 


SPECIMEN 

1.0. 

MATERIAL 

THICKNESS 

On.) 

WIDTH 

(In.) 

a0 

(In.) 

pmax 

(Rip) 

K*Pk~ 

(ksi  jTt rr 

IB 

2024-T3  Sheet 

0.193 

12.0 

1.875 

74.00 

82.45 

1C 

2024-T3  Sheet 

0.193 

12.0 

1.870 

75.00 

83.55 

3A 

2024-T3  Sheet 

0.088 

18.0 

2.750 

50.00 

98.51 

3C 

2024-T3  Sheet 

0.088 

18.0 

2.767 

50.25 

99.39 

5A 

2024-T351  Plate 

0.253 

8.0 

1.285 

71.50 

75.86 

5C 

2024-T351  Plate 

0.253 

8.0 

1 .295 

71.25 

75.97 

7A 

2024-T3511  Tee 

0.168 

2.75 

0.487 

17.00 

44.16 

7B 

2024-T351 1  Tee 

0.187 

2.75 

0.485 

16.75 

43.59 

9A 

2024-T341 1  Angle 

0.236 

2.25 

0.425 

18.75 

44.81 

9B 

2024-T341 1  A  jle 

0.240 

2.25 

G  .425 

18.25 

42.89 

1 1 A 

7075-ToT .  Plate 

0.325 

3.0 

0.520 

34.75 

49.25 

1 1 B 

70  75-T651  Plate 

0.323 

3.0 

0.522 

31 .80 

45.49 

13B 

7075-T651  Plate 

0.406 

3.0 

0.535 

34.50 

39.89 

13C 

7075-T651  Plate 

0.406 

3.0 

0.525 

37.00 

42.25 

1  SB 

7075-T6  Sheet 

0.157 

12.0 

1 .870 

59.75 

81 .82 

15C 

7075-T6  Sheet 

0.156 

12.0 

1.895 

59.50 

82.69 

17B 

7075-T651 1  Tee 

0.301 

2.75 

0.485 

34.90 

56.44 

17C 

7075-T651 1  Tee 

0.298 

2.75 

0.510 

32.50 

54.93 

19A 

7075-T651 1  Angle 

0.311 

2.75 

0.475 

32.50 

50.16 

19b 

707  5— T  65 1 1  Angle 

0.310 

2.75 

0.522 

32.25 

53.29 

MATERIAL 


THICKNESS 

(IN) 


2024-T3  Sheet 

1 

2024-T3  Sheet 

I 

7075-T6  Sheet 

1- - - 

i  ■  * 

“1 

o  o 

o 

o 

o  o 

o  o 

l 

3" 

o 

0 

0 

o 

_ 

Figure  4-3.  'CCT'  K tC  Specimen  18“  Wide 


MATERIAL 

THICKNESS 

(IN) 

2024-T351  Plate 

mm 

7075-T651  Plate 

7075-T651  Plate 

0.42  J 

Figure  4-4.  'CCT'  Kjc  Specimen  8"  Wide 
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SPECIMEN  NO.  GT160KA851 -18 


KAT'L  —  2Q24-T3 


T 


SPECIMEN  MEASUREMENTS 


W  -  12  in. 

tT  =  0.1926  in. 

tB  =  0.1940  in. 


3 j  =  1.310  in. 

aB  =  1-780  In. 

a0  *  1 -875  in. 


PRECRACK  OATA 

NET  AREA  =  1 .6257  in.2 

pmax  =  30 #000  lbs 

pmin  =  3,000  lbs 

FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  =  74,000  lbs 


=  0.060/0.060  in. 
RIGHT  =  0.050/0.078  in. 
No  of  cycles  =  1829 


Figure  4-5A.  Fracture  Toughness  Data  Sheet  GT160KAB51 -IB 


.01  .01  ,c?>  .  j7  ,o“i 

COO  (H) 


Figure  4-5B.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51 -18 


1  SPECIMEN  NO.  GT160KAB51-1C 

MAT 1 L  - 

-  2024-T3 

I  T 

SPECIMEN  MEASUREMENTS 

W  =  12  In. 

tT  =  C . 1920  In. 
to  =  0.1939  In. 


PRECRACK  OATA 

NET  AREA  =  1.6246  In.2 

P,nax  “  30>000  1bs 

pfnin  =  3.000  lbs 

*  0.080/0.050  In, 
RIGHT  =  0.050/0.060  In. 
No  of  cycles  =  1712 


aT  =  1.790  In. 

ag  *  1 . 790  1  n . 


FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  -  107,840  lbs 


Figure  4-6A.  Fracture  Toughness  Data  Sheet  GT160KAB51-1C 


•  v  "'  ,'  'A V\”  l  .. 


••r 


:  -o* 


O' 


I OL  <«> 


,o>  ■*£  •** 


COO  (IN) 


Figure  4-6B.  Applied  .Load  vs.  Crack  Opening  Displacement  GT160KAB51-1C 
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SPECIMEN  MEASUREMENTS 

W  =  18  In. 

tj  =  0.088  In. 

tg  *  0.088  In, 


2.680  In. 
2.680  In. 
2.75  In. 


PRECRACK  DATA 

NET  AREA  -  1.112  In.2 

pmax  -  21,000  lbs 
pm1n  ~  2,100  lbs 

LEFT  *  N/A 

RIGHT  *  N/A 

No  of  cycles  =  N/A 


FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  *  50,000  lbs 


Figure  4-7A.  Fracture  Toughness  Data  Sheet  GT160KAB51-3A 


COO  ( IM) 


Figure  4-78.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-3A 
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SPECIMEN  NO.  GT160KAB51-3C 


MAT'L - 2024-T3 


i 


v 

V 


N 

A 


T 


SPECIMEN  MEASUREMENTS 

W  =  18.00  In 

ty  *  0.088  In. 
tg  =  0.088  In. 


ay  *  2.700  In. 
ag  *  2.680  In. 
do  *  2.767  In. 


PRECRACK  OATA 

NET  AREA  =  1.111  In.2 

Pmx  *  21,000  IDS 

Pmln  =  2,100  lbs 

LEFT  *  0.060/0.080  In.  FAILURE  LOAD  AFTER 

RIGHT  c  0.060/0.070  In.  PRE-CRACKING 

No  of  cycles  =  1181  P  -  50,250  lbs 


I 

T~% 

f. 

>. 

< 

f. 

t. 

Ifc 

I 


Figure  4-8A.  Fracture  Toughness  Oata  Sheet  GT160KA851 -3C 
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.<?<  .01  .0*  .0* 


or 


ob 


,a>  *9 

•  LOAD  P  (KIPS) 


re  4-88.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-3C 


— 
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SPECIMEN  NO.  GT160KAB51-5A 


MAT'  L - 2024-T351 


SPECIMEN  MEASUREMENTS 


W  *  8.00  In. 


tT 

-  0.2530 

In. 

aT  * 

1.190 

In. 

*B 

-  0.2523 

In. 

*B  ' 

1.200 

In. 

a0  • 

1.285 

In. 

PRECRACK  OATA 


NET  AREA  -  1 .417  In.2 


pmax  “  26,000  lbs 

pm1n  °  2,600  lbs 

LEFT  *  0.060/0.060  In. 
RIGHT  "  0.050/0.050  In. 
No  of  cycles  *  2500 


FAILURE  LOAO  AFTER 
PRE-CRACKING 
P  -  71,500  lbs 


Figure  4-9A.  Fracture  Toughness  Data  Sheet  GT160KAB51-5A 
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COO  (IN) 


Figure  4-99.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-5A 


Si*X  O'" (nrf 


SPECIMEN  HO.  GT160KAB51-5C 

T 


MAT'L -  2024-T351 


ay  ■  1 .210  In. 

ag  *  1 . 190  In. 

a0  -  1-295  In. 


SPECIMEN  MEASUREMENTS 

W  =  8.00  In. 
tT  *  0.2530  In. 
tB  -  0.2526  In. 


PRECRACK  OATA 

NET  AREA  *  1.416  In.2 

pmax  “  26.°00  1bs 

Prrln  -  2.600  lbs 

LEFT  -  0.050/0.050  In.  FAILURE  LOAD  AFTER 

RIGHT  *  0.060/0.060  In.  PRE-CRACKING 

No  of  cycles  «*  2769  P  =  71  ,250  lbs 


figure  4-10A.  Fracture  Toughness  Data  Sheet  GT160KAB51-5C 
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Figure  4-10B.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51 -5C 
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SPECIMEN  NO.  GT160KAB51-7A 


MAT' L - 2024-T351 1  EXT. 


SPECIMEN  MEASUREMENTS 


W  =  2.75  in. 

tT  -  0.1865  In. 
tg  -  0.1880  In. 


ay  »  0.405  in. 
ag  *  0.410  In. 
a0  »  0.4875  in. 


PRECRACK  OATA 

NET  AREA  =  0.3631  in.2 

pmax  '  6.100 
pmin  *  610  lbs 

j_£ py  *  0.080/0.050  In. 
RIGHT  D  0.050/0.050  In. 
No  of  cycles  «  8095 


FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  -  17,000  lbs 


Figure  4-1 1A.  Fracture  Toughness  Data  Sheet  GT160KAB51-7A 
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Figure  4-11B.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-7A 
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SPECIMEN  NO.  GT1 60KAB51 -78 


MAT'L - 2024-T351 1  EXT. 


SPECIMEN  MEASUREMENTS 


W 

tT 


2.749  In. 
0.1860  In. 
0.1886  In. 


0.410  In. 
0.430  In. 
0.485  in. 


PRECRACK  DATA 

NET  AREA  =  0.3576  In.2 


pmax 

pm1n 


6,007  lbs 
600  lbs 


”  0.050/0.070  In. 
RIGHT  m  0.050/0.055  In. 
No  of  cycles  =  14344 


FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  *  16,750  lbs 


Figure  4-12A.  Fracture  Toughness  Data  Sheet  GT160MA851 -78 
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Crack  Opening  Displacement  GT160KAB51-7B 
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SPECIMEN  NO.  GT1 60KAB51 -9A  MAT'L - 2024-T3511  EXT. 

T 


SPECIMEN  MEASUREMENTS 

W  =  2.259  in 

tT  *=  0.230  In. 
tg  *  0.242  In. 


PRECRACK  OATA 


NET  AREA  *=  0.3679  in.2 


pmax  -  6-475 
pmin  *  lbs 

lEFT  *  0.090/0.090  in. 

P.IGHT  ~  0.050/0.055  In. 

No  of  cycles  -  14246 


ay  =  0.350  in. 

ag  *  0.350  in. 
a0  =  0.425  in. 


FAILURE  LOAD  ,,FT£R 
PRE-CRACKING 
P  »  18,750  lbs 


Figure  4  13A.  Fracture  Toughness  Oata  Sheet  GT160KA851-9A 


» 

1/ 
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Figure  4-138.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-9A 
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SPECIMEN  NO.  GT160KAB51-9B 
T 


MAT'L - 2024-T3511  EXT. 


SPECIMEN  MEASUREMENTS 

W  -  2.258  In. 

tT  *  0.2425  In.  aT  ■  °-340  1n- 

tn  *  0.2370  In.  aB  -  0.350  In. 

®  0.425  In. 


PRECRACK  DATA 

NET  AREA  *  0.3759  In.2 

pmax  *  6,616  lbs 
pm1n  *  662  lbs 

icct  »  0.055/0.055  in.  FAILURE  LOAD  AFTER 

RIGHT  K  0.070/0.070  In.  PRE-CRACKING 

No  of  cycles  =  15643  P  *  18,250  lbs 


Figure  4-14A.  Fracture  Toughness  Oata  Sheet  GT160KAB51 -98 


Figure  4-14B.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51 -9B 
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SPECIMEN  NO.  GT160KAB51-11A 


MAT'L - 7075-T651 


SPECIMEN  HEASUREHENTS 

W  *  3.000  in. 

tT  «  0.3245  in.  aT  *  0.450  in. 

tg  *  0.3245  In.  ag  «  0.440  in. 

a0  -  0.520  in. 


PRECRACK  DATA 

NF.T  AREA  -  0.6047  in.2 

Pmax  *  9.449  lbs 
Pm1n  -  945  lbs 

l_cFT  -  0.050/0.078  in.  FAILURE  LOAD  AFTER 

RIGHT  -  0.050/0.068  in.  PRE-CRACKING 

No  of  cycles  -  8915  P  «  34,750  lbs 


Figure  4-15A.  Fracture  Toughness  Data  Sheet  GT160KA851-11A 
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SPECIMEN  NO.  GT160KA651-118 

T 


MAT'  L - 7075-T651 


S 


3 


h" 

* 

* 


i 
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SPECIMEN  MEASUREMENTS 

W  =  2.999  In. 

tT  =  0.322  In. 

tg  =  0.324  In. 


aj  =  0.450  In. 
ag  *  0.430  In. 
a0  *  0.5225  In. 


PRECRACK  DATA 

NET  AREA  *  0.6844  In.2 

pmax  *  9,445  lbs 

pm1n  *  9« 

LEFT  *  0.068/0.050  in.  FAILURE  LOAD  AFTER 

RIGHT  *  0.080/0.050  In.  PRE-CRACKING 

No  of  cycles  *  12500  P  c  31,800  lbs 


Figure  4-16A.  Fracture  Toughness  Data  Sheet  GT160KA851-11B 
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Crack  Opening  Displacement  GT160KAB51-11B 


SPECIMEN  NO.  GT160KAB51-13B 


MAT'L - 7075-T651 


T 


SPECIMEN  MEASUREMENTS 

W  =  3.005  In. 

tj  *  0.406  In. 
tg  «  0.406  In. 


aT  =  0.450  In. 
ag  *  0.460  In. 
a0  *  0.535  In. 


PRECRACK  DATA 

NET  AREA  -  0.8506  in.2 

pmax  *  1 1 ,738  lbs 
pm1n  -  1.174  lbs 

FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  -  34,500  lbs 


LEFT  *  0.080/0.076  in. 
RIGHT  ~  0.068/0.055  In. 
No  of  cycles  =  9450 


Figure  4-1 7A.  Fracture  Toughness  Data  Sheet  GT160KAB51 -1 38 


SPECIMEN  MO.  GT160KAB51-13C 


MAT'L - 7075-T651 


T 


SPECIMEN  MEASUREMENTS 


W  =  2.999  In. 

tj  *  0.4060  In. 
tg  »  0.4055  In. 


ay  *  0.440  In. 

ag  *  0.460  In. 

a©  *  0.525  In. 


PRECRACK  OATA 


NET  AREA  =  0.8517  In.2 


pmax  *  H.753  lbs 

pmin  =  1,175  lbs 

LEFT  =  0.062/0.050  In. 
RIGHT  “  0.068/0.050  In. 
No  of  cycles  =  10332 


FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  =  37,000  lbs 


Figure  4-18A,  Fracture  Toughness  Data  Sheet  GT160KA851-13C 


SPECIMEN  NO.  6T1 60KAB51  -1 5B 


MAT'  L - 7075-T6 
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SPECIMEN  MEASUREMENTS 


W  =  12.00  In 

tT  =  0.1573  In. 
tB  -  0.1570  In. 


dy  *  1.785  in. 

ag  «*  1  .785  In. 

a0  -  1 .870  In. 


PRECRACK  OATA 

NET  AREA  =  1.3248  in.2 


pmax  •  18*800  lbs 
Pmin  =  1*880  lbs 

LfFT  -  0.060/0.050  In. 
RIGHT  =  0.065/0.060  In. 
No  of  cycles  *  1173 


FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  -  59,750  lbs 


.4  / 


■  olr 


.  *4 


os'  -  -»k 
COO  (IN) 


«  v 


os 


Figure  4-19B.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-15B 
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SPECIMEN  NO.  GT160KA851-15C  MAT' L - 7075-T6 


T 


SPECIMEN  MEASUREMENTS 

W  =  12.00  In. 

tT  =  0.1558  In. 
tB  *  0.1569  In. 


aT  «  1 .810  In. 

ag  =  1 .810  In. 

a0  =*  1.895  In. 


PRECRACK  DATA 


NET  AREA  *  1.3102  In.2 


«W  *  18,600  lbs 

Pfrln  -  1,860  lbs 

LEFT  =  0.080/0.070  In. 

RIGHT  *  0.050/. 100  In. 

No  of  cycles  =  1477 


FAILURE  LOAD  AFTER 
PRE-CRACXING 
P  =  59,500  lbs 


Figure  4-20A.  Fracture  Toughness  Data  Sheet  GT160KA851-15C 


Figure  4-20B.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-15C 
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SPECIMEN  NO.  GT160KAB51 -176 


MAT' L - 7075-T651 1  EXT. 


T 


SPECIMEN  MEASUREMENTS 

W  -  2 .748  In. 

tj  =  0.300  In. 
tg  *  0.3015  in. 


fly  *  0.430  In. 

ag  *  0.430  In. 

a0  =■  0.485  In. 


PRECRACK  DATA 

NET  AREA  ■  0.5678  In.2 

pn.ax  -  8.290  lbs 

pm1n  "  829  lbs 

FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  *  34,900  lbs 


LEFT  =  0.045/0.050  in. 
RIGHT  =  0.040/0.060  in. 
No  of  cycles  *  17500 


Figure  4-21A.  Fracture  Toughness  Data  Sheet  GT160KAB51-17B 
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SPECIMEN  NO.  GT160XA851-17C 


MAT' L - 7075-T651 1  EXT. 


T 


SPECIMEN  MEASUREMENTS 

W  =  2.7475  In. 

tT  =  0.2975  In. 

tg  =  0.2985  In. 


aj  =  0.400  In. 
ag  *  0.410  In. 
a0  »  0.510  In. 


PRECRACK  DATA 


NET  AREA  =  0.5774  In.2 


pmax  =  8,430  lbs 

pmin  *  843  I '"5 

LEFT  =  0.055/0.065  In. 
RIGHT  *  0.082/0.070  In. 
No  of  cycles  =  8860 


FAILURE  LOAD  AFTER 
PRE-CRACKING 
P  -  32,500  lbs 


Figure  4-22A.  Fracture  Toughness  Data  Sheet  GT1 60KAB51 -1 7C 


Figure  4-228.  Applied  Load  vs.  Crack  Opening  Displacement  GT160KAB51-17C 


62 


SPECIMEN  NO.  GT160KAB51-19A 


MAT'L - 7075-T6511  EXT. 


T 


SPECIMEN  MEASUREMENTS 

W  =  2.746  in. 

tT  =  0.314  in. 

tg  11  0.307  In. 


a-j  =  0.400  in. 
ag  =  0.410  in. 
a0  *  0.475  in. 


PRECRACK  DATA 

NET  AREA  =  0.6011  In.2 

pmax  *  8.‘ lbs 
Pm1n  =  676  lbs 

LEFT  =  0.060/0.050  In.  FAILURE  LOAD  AFTER 

RIGHT  ■  0.062/0.067  in.  PRE-CRACKING 

No  of  cycles  =  14235  P  *  32,500  lbs 


Figure  4-23A.  Fracture  Toughness  Data  Sheet  GT160KAB51-19A 
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SPECIMEN  NO.  GT160KAB51 -198 


MAT'L - 7075-T6511  EXT. 


T 


SPECIMEN 

MEASUREMENTS 

W 

®  2.747  In. 

tT 

=  0.3105  In. 

aT 

=  0.400  In. 

*8 

-  0.3095  In. 

aB 

*  0.410  In. 

ao 

«=  0.5225  In. 

PRECRACK 

OATA 

NET  AREA 

=  0.6005  In.2 

•W  -  8,767  lbs 

Pm1 

n  *  877  lbs 

LEFT  “  0.095/0.050  in. 

FAILURE  LOAD  AFTER 

RIGHT  -•  0.090/0.090  in. 

PRE-CRACKING 

Nc 

of  cycles  =  9296 

P 

*  32,250  lbs 

Figure  4-24A.  Fracture 

Toughness  Data  Sheet 

6T1 60KAB51 -1 9B 

min: 


5.0  CONSTANT  AMPLITUDE  CRACK  GROWTH  RATES  TEST  PROGRAM 


The  purpose  of  the  constant  amplitude  crack  growth  rate  test  program  was  to 
establish  crack  growth  allowables  for  the  material  form  used  during  the  struc¬ 
tural  test  program.  The  specimens  were  manufactured  and  tested  In  compliance 
with  ASTM  standard  E-647.  The  test  data  were  fit  Into  the  "Modified  Walker 

Equation*  in  term  of  da/dn  vs  K„  . 

max 

5.1  TEST  SPECIMENS 

A  total  of  sixty-four  (64)  specimen  were  tested.  The  specimen  configurations 
are  shown  In  Figures  5-1  through  5-3.  The  specimens  were  made  of  2024-T3XX 
and  7075-T6XX  aluminum  alloys,  and  Included  sheet,  plate  and  extruded  sec¬ 
tions.  The  selection  r.f  the  material  type  and  material  form  was  consistent 
with  that  used  during  the  structural  test  program.  Each  specimen  contained  an 
initial  flaw  at  mid  section.  The  flaw  was  introduced  by  means  of  a  saw-cut 
followed  by  the  application  of  constant  amplitude  cycles.  During  the  test, 
measurements  of  the  crack  growth  were  made  using  'KRAK  GAGES'  installed  on 
both  sides  of  the  crack.  The  specimens  were  manufactured  at  FRC,  and  tested 
at  Mechanical  Technology,  Inc.  located  In  Latham,  N.Y. 

5.2  TEST  ENVIRONMENT 

The  specimens  were  tested  under  a  controlled  lab-air  environment.  The  test 
frequency  was  approximately  10  Hz. 

5.3  LOADING  SPECTRUM 

The  specimens  were  subjected  to  constant  amplitude  loading,  with  maximum 
stress  levels  and  stress  ratios  from  7.0  Ksi  to  12.5  Ksl,  and  -0.50  to  0.50 
respectively  (Ref.  Table  5-1). 

5.4  TEST  RESULTS 

The  test  results  of  sixty-four  (64)  constant  amplitude  test  specimens  are  sum¬ 
marized  In  Table  5-1.  The  crack  propagation  data  for  each  specimen  Is  pro¬ 
vided  In  Tables  5-2  through  5-65.  Most  of  the  data  shows  consistant  results 
with  a  relatively  small  degree  of  scatter.  The  test  data  were  separated  Into 
groups  of  similar  material  fortn  and  stress  ratios.  Subsequently,  the 


Walker  Constants  were  evaluated  using  a  best  fit  curve.  For  the  majority  of 
the  specimens,  an  excellent  fit  was  obtained.  An  exception  was  the  testing  of 
the  2024-T3511  Tee  section  at  R>0.0,  and  the  7075-T611  Tee  section  at  R>0.0. 
The  Raw  Test  Oata  for  the  2024-T3511  Tee  Section,  S/N  No.  2,  and  7075-T6511 
Tee  Section,  S/N  No.  3  were  therefore  not  used. 


Figure  5-1.  Crack  Growth  Specimen  -  4*  Wide 


TABLE  5-1.  SUMMARY  OF  CONSTANT  AMPLITUDE  COUPON  TEST 


REF.  _  CYCLES 

GT160KAB49-  PRCDUCT  W  t  amax  R  TO 


OASH 

S/N 

FORM 

(IN) 

(IN) 

(ksl) 

FAILURE 

-1 

1 

2024-T3  Sheet 

4.01 

0.195 

7.30 

0.05 

195,793 

2 

| 

4.01 

0.195 

12.34 

0.05 

31.761 

1 

3 

1 

4.01 

0.195 

8.26 

0.50 

560.027 

-1 

4 

2024-T3  Sheet 

4.01 

0.195 

12.37 

0.50 

103,620 

-21 

1 

2024-T3  Sheet 

4.00 

0.195 

7.23 

-0.31 

169,658 

} 

2 

4.00 

0.195 

11.95 

-0.30 

30,356 

I 

3 

J 

4.00 

0.195 

7.25 

-0.50 

165,200 

-21 

4 

2024-T3  Sheet 

4.00 

0.195 

11.78 

-0.50 

31.286 

-03 

1 

2024-T351  Plate 

4.00 

0.250 

7.02 

0.05 

183,160 

2 

t 

4.00 

0.250 

11.95 

0.05 

38,344 

1 

3 

J 

4.00 

0.250 

7.60 

0.50 

1 ,039,616 

-03 

4 

2024-T351  Plate 

4.00 

0.250 

11.96 

0.50 

132.349 

-23 

1 

2024-T351  Plate 

4.01 

0.250 

7.00 

-0.30 

161 ,030 

2 

4.01 

0.250 

11.97 

-0.30 

31,604 

I 

3 

J 

4.01 

0.250 

7.06 

-0.50 

131,996 

-23 

4 

2024-T351  Plate 

4.0', 

0.250 

12.08 

-0.50 

40,827 

-07 

1 

2024-T351 1  Angle 

;  .25 

0.250 

8.10 

0.05 

264,603 

f 

2 

2 .  ?5 

0.250 

10.54 

0.05 

73,321 

I 

3 

J 

2.26 

0.250 

8.97 

0.50 

552,960 

-07 

4 

2024-T351 1  Anglj 

2.26 

0.250 

12.40 

0.5. 

149,082 

-27 

1 

2024-T351 1  Angle 

2.25 

0.250 

8.90 

-0.30 

361,811 

f 

2 

2.25 

0.250 

12.05 

-0.30 

52,950 

t 

3 

1 

2.25 

0.250 

8.85 

-0.50 

365,959 

-27 

4 

2024-T3511  Angle 

2.25 

0.250 

12.15 

-0.50 

58,846 

-05 

1 

2024-T351 1  Tee 

2.75 

0.200 

6.74 

0.05 

176,105 

| 

2 

( 

2.75 

0.192 

11  .4e 

0.05 

215,109 

1 

3 

1 

2.75 

0.193 

7.69 

0.50 

404,202 

-05 

4 

2024-T3511  Tee 

2.75 

0.198 

11.15 

0.50 

257,406 

-25 

1 

2024-T351 1  Tee 

2.74 

0.186 

7.74 

-0.30 

215,060 

2 

t 

2.74 

0.188 

12.15 

-0.30 

19,050 

1 

3 

1 

2.74 

0.187 

6.61 

-0.50 

105,610 

-25 

4 

2024-T35 1 1  Tee 

2.74 

0.187 

11.10 

-0.50 

20,451 

-11 

1 

7075-T6  Sheet 

4.00 

0.156 

6.85 

0.05 

64,645 

f 

2 

j 

4.00 

0.156 

11.90 

0.05 

17.792 

1 

3 

j 

4.00 

0.156 

7.88 

0.50 

197,716 

-11 

4 

7075-T6  Sheet 

4.00 

0.156 

12.05 

0.50 

36,996 

70 


Qcr 

(IN) 


1 .3987 
1 .3599 
1.3541 
0.9772 

1 .4133 
1 .3431 
1 .3781 
1  .4157 

1  .3537 
1  .6596 
1  .3450 
1  .3789 

1  .4048 
1  .4439 
1 .4088 
1  .3700 

0.8205 
0.8530 
0 . 74t1 
0.4424 

0.7861 

0.8689 

0.8297 

0.9225 

0.8633 

0.9029 

0.8580 

0.8638 

0.9162 

0.9176 

0.9488 

0.8583 

1  .4916 
0.9645 
1  .7698 
1  .5173 


TABLE  5-1 .  SUMMARY  Of  CONSTANT  AMPLITUDE  COUPON  TEST  (Continued) 


REF. 

GT160KAB49- 
OASH  S/N 


-31 

I 

-31 


13 

1 

-13 


-33 

4 

I 

-33 

-17 

I 


-37 

1 

-37 

-15 

I 

15 


-35 

t 

t 

-35 


1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

1 

■> 

3 

4 

1 

2 

3 

4 

1 

2 

-) 

vJ 

4 


PRODUCT 

FORM 


7075- 


7075- 


f6  Sheet 


6  Sheet 


7075-T651  Plate 

! 

7075-T651  Plate 
7075-T  651  Plate 
1 

7075-T651  Plate 
7075-T  651 1  Angle 

I 

7075-16511  Angle 
7075-16511  Angle 

I 

7075-16511  Angle 
7075-T65H  Tee 

i 

7075-T6o11  Tee 
7075- T651 1  Vee 


CYCLES 

W  t  ^max  R  TO  c|cr 


(IN) 

(IN) 

(ksl) 

FAILURE 

(IN) 

4.00 

0.158 

6.85 

-0.31 

56,745 

1  .3239 

4.00 

0.158 

11.98 

-0.31 

21 ,924 

1  .4690 

4.00 

0.158 

7.00 

-0.50 

70,093 

1.3450 

4.00 

0.158 

12.00 

-0.50 

23,348 

1.2650 

3.00 

0.322 

4.65 

0.05 

342,911 

1 .0775 

3.00 

0.322 

10.50 

0.05 

39,107 

1 .2113 

3.00 

0.321 

3.15 

0.50 

385,065 

1 .2180 

3.00 

0.321 

6.02 

0.50 

70,333 

1 .1775 

3.00 

0.320 

7.05 

-0.30 

71 ,502 

1 .0691 

3.00 

0.320 

10.53 

-0.30 

37,051 

0.9264 

3.00 

0.320 

7.07 

-0.50 

80,404 

0.8983 

3.00 

0.320 

11.38 

-0.50 

26,917 

1.1493 

2.75 

0.309 

7.12 

0.05 

129,789 

0.6764 

2.75 

0.308 

11.32 

0.05 

36,556 

1.0085 

2.75 

0.307 

7.24 

0.50 

272.880 

1.1025 

2.75 

0.310 

11  20 

0.50 

56,064 

0.9471 

2.75 

0.320 

7.00 

-0.33 

52,737 

0.9171 

2.75 

0.320 

11.89 

-0.31 

14,097 

1.2785* 

2.75 

0.320 

6.98 

-0.51 

66,755 

0.9118 

2.75 

0.320 

11.43 

-0.50 

12,323 

1.1567 

2.75 

0.300 

6.85 

0.05 

38,364 

0.9522 

2,75 

0.300 

10.73 

0.05 

29,848 

1 .1217 

2.75 

0.300 

6.85 

0.50 

631,411 

1 .0358 

2.75 

0.300 

11.04 

0.50 

66,364 

0.9450 

2.75 

0.302 

6.82 

-0.30 

56,127 

1 .1860 

2.74 

0.312 

11.19 

-0.30 

19,224 

1.1809* 

2.74 

0.312 

6.80 

-0.50 

39,772 

1 .0807 

2.75 

0.302 

11.86 

-0.50 

23,327 

1 .032 

7075T6411  Tee 


TABU  5-2.  CRACK  GROWTH  OATA  SPCCIMfN  GT J60KAB49-01  S/N  ) 
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TABLE  5-5.  CRACK  GROWTH  DATA  SPECIMEN  GT160KAB49-01  S/N  4 
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TABLE  5-22.  CRACK  GROWTH  OATA  SPECIMEN  GT160KAB49-27  S/N  1 
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TABLE  5-26.  CRACK  GROWTH  DA*A  SPECIMEN  GT1 o0KAB49-05  S/N  1 


TABLE  5-27.  CRACK  GROWTH  DATA  SPECIMEN  GT160KAB49-05  S/N  2 
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TABLE  5-40.  CRACK  GROWTH  DATA  SPECIMEN  GT) 60KAB49-31  S/N  3 


TABLE  5-41.  CRACK  GROWTH  OATA  SPECIMEN  GT 1 60KA849-31  S/N  4 
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TABLt  5-59.  CRACK  GROWTH  DATA  SPECIMEN  GT)60KAB49-15  S/N  2 
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TABLE  5-60.  CRACK  GROWTH  DATA  SPECIMEN  GT160KAB49-15  S/N  3 
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TABLE  5-63.  CRACK  GROWTH  OATA  SPECIMEN  GT1 60KAB49-35  S/N  2 
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TABLE  5-65.  CRACK  GROWTH  DATA  SPECIMEN  GT160KAB49-35  S/N  4 
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6.0  SINGLE-SHEAR  LAP-JOINT  TEST  PROGRAM 


The  purpose  of  the  single-shear  lap-joint  test  program  was  to  assess  the  cap¬ 
abilities  of  the  state-of-the-art  analytical  methods  to  predict  crack  growth 
life  of  structural  joints  typical  of  those  utilized  In  airframe  structure. 

6.1  TEST  SPECIMENS 

A  total  of  eighteen  (18)  single-shear  lap-joint  specimens  were  tested.  The 
specimens  were  made  of  2024-T3XX  and  7075-T6XX  aluminum  alloys  to  represent 
material  used  in  lower  skin  Fighter/Trainer  and  Bomber/Cargo  type  aircraft, 
respectively.  The  specimens  contained  split  skin  joint  spliced  by  a  plate 
through  two  rows  of  fasteners  at  each  side.  The  specimens  configuration  Is 
shown  In  Figures  6-1  and  6-2  for  2024-T3XX  and  7075-T6XX  aluminum  alloys 
respectl vely. 

The  specimens  were  pre-cracked  prior  to  assembly.  The  Initial  flaw  was  in¬ 
duced  by  means  of  a  saw-cut  followed  by  the  application  of  constant  amplitude 
loading  not  exceeding  40#  of  the  yield  stress.  The  loading  was  applied  until 
a  corner  flaw  of  0.050  in.  was  achieved.  The  Initial  flaw  was  located  at  the 
edge  of  the  center  fastener  hole  In  the  second  row  of  fasteners.  The  testing 
included  three  types  of  specimen.  They  Included  the  following  configuration: 

a.  The  base  line  was  no  interference,  clamp-up  or  sealant. 

b.  Clamp-up  and  interference  fit  only. 

c.  Clamp-up,  Interf erence  fit  and  sealant. 

6.2  TEST  DESCRIPTION 

The  testing  was  performed  using  a  hydraulic,  computer  controlled  MTS  machine. 
Anti -buckl ing  plates  were  installed  on  both  sides  of  the  specimens  to  prevent 
lateral  instability  during  compressive  loading.  The  testing  was  performed  In 
a  lab-air  controlled  environment.  The  loading  frequency  was  approximately  3 
Hz.  The  precracking  as  well  as  the  testing  was  performed  at  the  University  of 
Oayton  Research  Lab,  located  in  Dayton  Ohio. 


f! 


w 

V’ 


y 

w 

V 

V 


I 


During  the  test,  measurements  of  crack  growth  were  made  by  means  of  visual 
aid.  A  record  of  the  crack  length  Is  provided  for  each  specimen.  At  the  com¬ 
pletion  of  each  test,  f ractographlc  examinations  were  ma^e  to  evaluate  the 
extent  of  cracking.  Drawings  of  the  fracture  surface  cross  section,  are  pro¬ 
vided  In  this  report. 

6.3  LOADING  SPECTRA 

The  specimens  were  subjected  to  three  loading  spectra: 

a.  Constant  amplitude  loading  spectrum. 

b.  A-10A  flight-by-flight  loading  spectrum. 

c.  AMAVS  fllght-by-f light  loading  spectrum. 

The  ' A-10A'  and  the  'AMAVS'  loading  spectra  contained  marker  band  cycles.  The 
description  of  the  loading  spectra  may  be  found  in  Volume  III  of  the  report. 
The  loading  configurations  for  the  various  specimens  are  shown  In  Table  6-1. 

6.4  TEST  RESULTS 

The  test  results  of  eighteen  (16)  single-shear  lap-joint  specimens  are  summar¬ 
ized  in  Table  b-1  and  shown  individually  in  Figures  6-8  through  6-25.  For  the 
majority  of  the  specimens,  the  number  of  cycles  to  failure  was  consistant  for 
similar  specimen  except  specimens  L J -25  and  LJ-26  which  had  a  scatter  factor 
of  2.0.  These  specimens  were  subjected  to  AMAVS  loading  spectrum  and  repre¬ 
sented  Group  A  of  the  testing.  The  low  cycles  to  failure  for  specimen  L J -25 
compared  to  LJ-26  may  be  attributed  to  the  size  of  the  initial  flaw  existing 
in  LJ-25  prior  to  testing.  The  short  life  to  failure  for  specimens  L J- 3 
through  LJ-30  was  caused  by  the  relatively  high  applied  loads  which  were  close 
to  the  yield  point  of  the  material.  The  strain  survey  which  was  performed  on 
specimen  IJ-1  (Table  6-2)  shows  a  fairly  expected  increase  In  stress  level,  on 
the  order  of  30X  as  the  crack  approaches  the  critical  length.  Subsequent  to 
failure,  the  fracture  surface  of  each  specimen  was  examined  using  a  low-power 
magnifying  glass  (Figure  6-1  through  6-18).  The  majority  of  the  specimens 
show  substantial  cracking  prior  to  failure  with  the  exception  of  specimens 
L J -27  through  LJ-30.  These  specimens  were  made  of  7075-T6XX  aluminum  alloys 
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and  were  subjected  to  the  AMAVS  loading  spectrum.  The  net  stress  level  for 
these  specimens  was  50.3  K.si  (extremely  high  for  70/5-T6XX  material)  which 
caused  early  failure. 

6.5  FRAC fOGRAPHIC  ANALYSIS 

Five  (5)  specimens  were  selected  for  f ractographir  examination  under  a  high- 
power  microscope.  Specimens  No.'s  LJ-1 ,  IJ-6,  LJ-7,  LJ-10  and  LJ-25  were 
th&:.e  selected  fur  development  of  information  on  the  Initiation  and  growth  of 
cracxs  (Figures  6-3  through  6-7).  Marker  band  positions  were  also  investi¬ 
gated  on  specimens  No.  LJ-7  and  LJ-25,  which  were  subjected  to  A-10A  and  AMAVS 
loading  spectrum,  respectively.  In  both  cases  some  marker  band  striatlons 
were  clearly  visible.  Also  the  initiation  of  secondary  flaws  occurred  in 
adjacent  holes,  with  the  exception  cf  specimen  LJ-10  which  had  initiation  at 
the  faying  surface.  This  may  be  attributed  to  a  high  degree  of  fastener 
clamp-up  and  the  presence  of  sealant  ax  the  faying  surface  which  could  ceuse 
high  load  transfer  throuqh  surface  friction.  Crack  starter  flaws  can  be  seen 
In  most  fracture  faces,  except  where  compressive  loads  have  caused  local 
damage.  In  most  of  the  specimens,  additional  independent  cracks  have 
initiated  in  other  hol»s.  The  presence  of  multiple  holes  with  multiple  cracks 
makes  uncertain  the  determination  of  a  clearly  defined  acr  since  the 
segments  of  the  cross  section  will  tend  to  fall  Independently  and  sometimes 
sequentially. 

The  results  of  the  examination  are  presented  as  diagrams  of  the  physical  cross 
section  showing  origin  directions  and  the  extent  of  crack  growth.  Selected 
comments  are  appended  appropriate  to  each  specimen  followed  by  photos.  Crack 
lengths  can  be  directly  derived  from  the  diagrams  and  photos  of  marker  bands, 
as  well  as  the  beginnings  of  fast  fracture. 

All  diagrams  are  viewed  with  he  joint  nuts  on  the  upper  side.  Growth  In  the 
plane  strain  (flat)  mode,  in  the  plane  stress  (slant)  mode  and  rapl'i  fracture 
are  separated  in  the  diagrams. 
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TABLE  6-1.  SINGLE-SHEAR  LAP-JOINT  SPECIMENS  SUMMARY  TABLE 


MATERIAL 

SPECIMEN 

10 

TEST 

CONDITION 

TYPE  OF 
LOAOING 

GROSS 

STRESS 

(Ksl) 

*CYCLES 

TO 

FAILURE 

LJ  1 

Clearance  fit, 

Constant 

17.0  max. 

44,200 

LJ  2 

no  clamp-up, 
no  sealant 

amplitude 

6.1  min. 

46,300 

LJ  5 

Interference 

Constant 

17.0  max. 

94,700 

LJ  6 

fit  clamp-up, 
no  sealant 

amplitude 

6.1  min. 

98,700 

LJ  9 

Interference 

Constant 

.  17.0  max. 

'  6.1  min. 

69,910 

LJ  10 

fit,  clamp-up 
sealant 

amplitude 

88,300 

LJ  3 

LJ  4 

Clearance  fit, 
no  clamp-up, 
no  sealant 

A-10A 

spectrum 

37.75  max. 

42,086 

47,102 

2024-T3 

LJ  7 

LJ  8 

Interference 
fit,  clamp-up 
no  sealant 

A-10A 

spectrum 

37.75  max. 

59,958 

59,638 

LJ  11 

LJ  12 

Interference 
fit,  clamp-up, 
sealant 

A-10A 

speccrum 

37.75  max. 

41 ,037 
41,693 

E9 

Clearance  fit, 
no  clamp-up, 
no  sealant 

AMAVS 

spectrum 

37.75  max. 

3,559 

7,215 

LJ  27 

Interference 

AMAVS 

37.75  max. 

11,091 

7075-T6 

lJ  28 

fit,  clamp-up, 
no  sealant 

spectrum 

11,119 

LJ  29 

LJ  30 

Interference 
fit,  clamp-up, 
sealant 

AMAVS 

spectrum 

37.75  max. 

11,091 

8,870 

*1  life  time  of  A-10  Spectrum  =  1 8f» ,  400  cycles 
1  life  time  of  AMAVS  Spectrum  =  143,900  cycles 
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TABLE  6-2.  STRAIN  SURVEY  DATA  SPECIMEN  LJ-1  i  U  «  > 

2 

A  1  ^  i  /  in*- 


GROSS  AREA  -  1.316  IN 


42400 

42800 

43700 

43900 

44000 

44200 

44200 


GAGE  NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 

-1 

-1 

-1 

-1 

-2 

-2 

0 

1786 

1658 

1374 

674 

612 

849 

886 

1797 

139 

165 

-73 

-73 

71 

-63 

-59 

-17 

-16 

-3 

-11 

-17 

1222 

1146 

1114 

163 

1124 

126 

1137 

1090 

146 

276 

1859 

1828 

1525 

291 

1606 

212 

1625 

1860 

208 

378 

1884 

1852 

1534 

319 

1727 

231 

1755 

1858 

188 

377 

1921 

1891 

1547 

360 

1886 

248 

1926 

1854 

196 

349 

1968 

1937 

1564 

403 

2047 

263 

2090 

1848 

216 

314 

2028 

1994 

1591 

442 

2189 

270 

2233 

1844 

245 

285 

2289 

2223 

1725 

537 

1666 

254 

1769 

1811 

210 

192 

2386 

2252 

1757 

557 

672 

254 

697 

1765 

218 

141 

2517 

2341 

1779 

602 

593 

276 

498 

1771 

267 

135 

2659 

2388 

1768 

666 

638 

277 

409 

1736 

275 

144 

-37 

-49 

2 

-41 

-106 

O 

r<\ 

i 

i 

-56 

-100 

179 

144 

CRACK 

LENGTH 

(IN) 


0.345 

0.404 

4.08 

4.153 


GAGES  LOCATION 


INITIAL  FLAW  a  •  0.350  IN. 
0 


TYP  EXCEPT  PRECRACKED  HOLE 


f— 2.10 

I  i 


SECTIONA  -A 


SEALANT 
(SEE  TABU  Af 


.230 

\  I  .in 


Figure  6-1.  Single-Shear  Lap-Joint  Specimen  Configuration  Subjected 
to  A-10  or  Constant  Amplitude  Loading  Spectrum 
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A  A 
A 
"  A 

A  A 


MTlALflftW  a  *0.(00  (N. 
o 


SECTION  A -A 


SEALANT  _ 
(SEE  mu  A) 


1.875TYP  ■ 
0.62STYP 


MttCRACKEO  HOLE 

0.62STYF('31Z0/-31550,A  **^1 


1.500  TYP 


j  A 

tr  A 


A 

A  A 


.-iriSEITAfeli  AJ 
TYP  EXCEPT  KECAACKED  HOLE 


TABLE  A 


ASSY 

HOH  TORQUE 

SEALANT 

-1 

FINGER  TIGHT 

NONE 

-3 

G-F604 

NONE 

-5 

G-F6M 

HIl-S-8802 

_ 

"0" 

.3120/. 3155 
.3065/. 3090 


- 11.00 - 

.MLMWO-10-10  PIS) 

SB  TAIL!  A  PDA  TORQUES 

HL  lfPI70~10-164  P15) 
“-SEE  TABLE  A  FOR  TORQUES 


4.37(KF)i 

y  | 

w 


Iff 

L.'-’f 


Figure  6-2.  Single-Shear  Lap-Joint  Specimen  Configuration  Subjected 

to  AHAVS  Loading  Spect-'m 


SPECIMEN  LJ-1 


DIAGRAM  KEY: 


_ FLAT,  PLANE  STRAIN  MODE 

[;yn  \!\W  SLANT,  PLANE  STRESS  MODE 
III 1 1' RAPID  FRACTURE 

ES:  NO  UNUSUAL  CONDITIONS 


Figure  6-4 .  Frac tographlc  Examination  Specimen  LJ-1 


SPECIMEN 

LJ-6 

(SINGLE  SHEAR) 


KEY: 

l.  -  FLAT,  PALNE  STRAIN  MODE, 

Emus  GIANT.  PLANE  STRESS  MODE 

[  ^  RAP  ID  FRACTURE 


NOTES:  1.  VERY  POOR  QUALITY  HOLES 

2.  CRACK  FACES  FRETTED- I NOICATI NG  COMPRESSION  LOADS 

3.  CAN  NOT  DISCERN  STARTER  FALW  DUE  TO  CRACK  FACE  FRETTING 

4.  PLATE  SURFACES  AROUND  SOME  HOLES  ARE  HEAVILY  FRETTED 

5.  MOST  INITIATION  SITES  ARE  CAUSED  BY  FRETTING  OFF  THE  HOLE  CENTERS 

2  3  4  5  6  7  / 


’i'-  '» 


-A-  * 
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FLAT,  PLANE  STRAIN  MODE 


SLANT,  PLANE  STRESS  MOD 


RAPID  FRACTURE 


NOTES: 


1.  FRETTING  ON  THE  FAVING  SURFACES  AROUND  HOLES  LEADS  TO  CRACK 
INITIATION  AWAY  FROM  HOLE.  SEE  PHOTO. 


SPECIMEN  LJ-25 


KEY: 


FLAT,  PLANE  STRAIN  MODE 


kWQ 


I  /till  SLANT,  PLANE  STRESS  MODE 
k>y>nmg  RAPID  FRACTURE 


NOTES:  1.  THERE  IS  SOME  EVIDENCE  THAT  SECTIONS  1,  2  &  3  WERE  UNLOADED 
(FACES  SHOW  COMPRESSION  ACTIONS)  BEFORE  THE  FINAL 
RUPTURE  LOAD. 

2.  THE  PHOTO  SHOWS  THE  FULL  EXTENT  Or  SLOW  CRACK  GROWTH 


HOLE  NO.  4 


Figure  6-8.  Fractographtc  Examination  Specimen  LJ-25 
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TABLE  6-3.  CRACK  MEASUREMENTS  SPECIMEN  lJ-1 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


1  CYCLES  TO  FAILURE:  44,200 

SINGLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  NA 

22.4/+8.0  FINAL  CRACK  LENGTH: 

CA  3  Hz  HOLE  DIAMETER:  0.251 


© 

Cycles 


©  -r©r 


r 


Precrack 


7© 


39800 

/  / 

.176 

TNR 

40800 

.226 

Same 

41700 

!  / 

.289 

Same 

42400 

.345 

Same 

42800 

.  404 

Same 

43100 

/  / 

.460 

Same 

43300 

.540 

Same 

43500 

.605 

.605 

1.269 

43700 

1.066 

TNR 

1.  352 

43900 

1.137 

1.508 

44000 

1.222 

TNR#2 

44200 

1.338 

Same 

44200 

Failure  while 

load  was 

held  , 

1.662 

1.508 


c  gage  measurement 
TNR  *  Through  Next  Rivet 

1.  All  measurements  from  left  or  right  edge  of  precrack 
hole . 


TABLE  6-4.  CRACK  MEASUREMENTS  SPECIMEN  U-2 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


2  CYCLES  TO  FAILURE:  46,300 

SINGLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  NA 

22.4/+8.0  FINAL  CRACK  LENGTH: 

CA  3  H 2  HOLE  DIAMETER:  0.250 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT 


PRE-CRACK 

HOLE 

CYCLES 

LEFT 

RIGHT 

0 

0.000 

0.000 

27500 

0.000 

0.131 

30500 

0.000 

0.184 

33600 

0.000 

0.240 

36100 

0.000 

0.293 

39400 

0.000 

0.359 

4060C 

0.000 

0.489 

42500 

0.080 

0.544 

43400 

0.147 

TNR 

44100 

0.197 

Same 

45500 

0.287 

1.274 

46100 

0.353 

1.401 

46300 

Fa  i lure 

Failure 

- - Precrack 


0.544  Not  Joined 
Joined  with  Precrack 


No  other  cracks.  Only  the  skin  with  the  precrack  grew. 

TNR  *  Through  Next  Rivet 


©  ©  <D  ©  ®  ©  ® 


FAILURE  SURFACE 
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TABLE  6-5.  CRACK  MEASUREMENTS  SPECIMEN  LJ-3 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS ) : 
SPECTRUM  TYPE: 


3 

SINGLE  LAP  JOINT 
49.7 

A-10  3  Hz 


CYCLES  TO  FAILURE:  42,086 
%  OF  LIFE  AT  FAILURE:  21.4 
FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  0.248 


1.  No  crack  growth  data. 

2.  Failure  at  42,086  cycles  =  21.4%  of  life. 

3.  Failure  was  not  at  rivet  line  which  had  precrack  hole. 

4.  Plastic  zone  at  crack  tip  visible  at  37,530  cycles  but 
crack  not  visible. 


- 'FS - 5=K 


7=0=^ 
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TA81E  6-6.  CRACK  MEASUREMENTS  SPECIMEN  LJ-4 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


SINGLE  LAP  JOINT 
49.7 

A- 10  3  H2 


CYCLES  TO  FAILURE:  47,102 

%  OF  LIFE  AT  FAILURE:  NA 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  0.252 
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TABLE 

6-7.  CRACK  MEASUREMENTS 

SPECIMEN  LJ 

-5 

SAMPLE  NUMBER: 

5 

CYCLES  TO 

FAILURE: 

94,700 

SPECIMEN 

TYPE: 

SINGLE  LAP 

JOINT 

%  OF  LIFE 

AT  FAILURE: 

NA 

MAX  LOAD 

>;kips)  : 

22.4/+8.0 

FINAL  CRACK  LENGTH: 

SPECTRUM 

TYPE: 

CA  3  HZ 

HOLE  DIAMETER: 

0.255 

DISTANCE  FROM 

EDGE  OF  HOLE 

FRONT 

PRE-CRACK  HOLE 

CYCLES 

LEFT 

RIGHT 

0 

0.000 

0.000 

35500 

0.000 

0.000 

42200 

0.000 

0.085 

48900 

0.000 

0.179 

57800 

0.000 

0.283 

65300 

0.000 

0.384 

70600 

0.000 

0.482 

75500 

0.000 

0.586 

76900 

0.000 

0.682 

83900 

0.129 

TNR 

86100 

0.221 

Same 

88900 

0.315 

Same 

90800 

0.409 

Same 

92000 

0.635 

1.252 

92400 

TNR 

1.340 

93000 

Same 

1.449 

93500 

Same 

1.551 

93800 

Same 

1.646 

94000 

1.193 

1.742 

TIP  TO  TIP 

94300 

1.298 

TNR#  2 

94500 

1.404 

Sine 

4  1/4" 

94600 

1503 

Same 

94700 

TNR#  2 

Same 

- ^  **  y  "~ 

947++ 

Failure 

Failure 

-H 

Irf 

stmm 

Y~t 

TT~ 

© 

© 

® 

© 

® 

(?) 

© 

TNR  -  Through  Next 

Rivet 

_ 

- .  _ .  . 

FAILURE  SURFACE 

^x0  rO— -© 
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TA8LE  6-8.  CRACK  MEASUREMENTS  SPECIMEN  IJ-6 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS)  : 
SPECTRUM  TYPE: 


6  CYCLES  TO  FAILURE: 

SINGLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE: 
22.4/+8.0  FINAL  CRACK  LENGTH 

CA  3  H2  HOLE  DIAMETER: 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT 

PRE-CRACK  HOLE 


CYCLES 

LEFT 

RIGHT 

0 

0.000 

0 

39500 

0.000 

0.123 

48700 

0.000 

0.241 

53500 

0.000 

0.301 

57000 

0.000 

0.3  53 

61400 

0.000 

0.404 

63800 

0.000 

0.473 

66300 

0.000 

0.535 

67800 

0.000 

0.585 

69100 

0.000 

TNR 

93600 

0.000 

1.077 

95900 

0.000 

1.170 

97800 

0.000 

1.264 

98600 

0.000 

1.410 

98,700* 

NA 

0.250 


***  Failure  at  rivet  row  without  Precrack 
TNR  =  Through  Next  Rivet 


TABLE  6-9.  CRACK  MEASUREMENTS  SPECIMEN  U-7 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 

SINGLE 

7 

LAP  JOINT 

CYCLES  TO  FAILURE: 

%  OF  LIFE  AT  FAILURE: 

59,598 

30.9 

MAX  LOAD 
SPECTRUM 

(KIPS) : 
TYPE: 

49.7 

A— 10 

3  HZ 

FINAL  CRACK  LENGTH: 
HOLE  DIAMETER: 

0.252 

DISTANCE  FROM  EDGE  OF  HOLE 
FRONT 

PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

1 

4 

0.000 

0.000 

2 

8 

0  .000 

0.000 

3 

12 

0.000 

0.000 

4 

16 

0.000 

0.000 

5 

20 

0.000 

0  .000 

6 

24 

0.000 

0  .000 

7 

28 

0.000 

0.081 

7.74 

30.94 

Failure 

Failure 

VT  Yi  k< JYh.  lt&- JrL 


<D 


© 


<D 
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FAILURE  SURFACE 
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TABLE  6-10.  CRACK  MEASUREMENTS  SPECIMEN  LJ-8 


V 

md 

■*< 

r 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


8 

SINGLE  LAP  JOINT 
49.7 

A-10  4  Hz 


CYCLES  TO  FAILURE: 

%  OF  LIFE  AT  FAILURE: 
FINAL  CRACK  LENGTH: 
HOLE  DIAMETER: 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT 

PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

7 

28 

0.000 

0.096 

7.36 

29.44 

0.000 

0.133 

30 .8 

Failure 

Failure 

59,638 

30.8 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


TABLE  6-11.  CRACK  MEASUREMENTS  SPECIMEN  LJ-9 
9  CYCLES  TO  FAIL! 


SINGLE  LAP  JOINT 
22.4/+8.0 
CA  3  Hz 


CYCLES  TO  FAILURE:  69,910 

%  O  LIFE  AT  FAILURE:  NA 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  0.254 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT 

PRE-CRACK  HOLE 


CYCLES 

LEFT 

RIGHT 

0 

0.000 

0.000 

34300 

0.000 

0.078 

42100 

0.000 

0.155 

50600 

0.000 

0.260 

55300 

0.000 

0.315 

60400 

0.000 

0.388 

63100 

0.000 

0.449 

65000 

0.000 

0.508 

66000 

0.000 

0.566 

66700 

0.000 

0.613 

67700 

0.000 

0.650 

69800 

0.000 

TNR 

69800 

0.000 

1.139 

69890 

0.000 

1.143 

69910 

Failure 

Failure 

Q-  ,tO 


Precrack 

Next 

Rivet 


New 

Crack 


0.656 

0.640 


TABLE  6-12.  CRACK  MEASUREMENTS  SPECIMEN  LJ-10 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS)  : 
SPECTRUM  TYPE: 


10  CYCLES  TO  FAILURE:  88,300 

SINGLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  NA 

22.4/+8.0  FINAL  CRACK  LENGTH: 

CA  2  HZ  HOLE  DIAMETER:  0.253 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT 


PRE-CRACK  HOLE 


CYCLES 

LEFT 

RIGHT 

0 

0.000 

0 

32700 

0  .000 

0.077 

35000 

0.000 

0.114 

40000 

0.000 

0.177 

45600 

0.000 

0.217 

54100 

0.000 

0.317 

60400 

0.000 

0.417 

65300 

0.000 

0.561 

66100 

0.000 

0.615 

66600 

0.000 

TNR 

30700 

0.000 

1.035 

82100 

0.000 

1.149 

84000 

0.000 

1.251 

35100 

0.000 

1.347 

86000 

0.165 

1.485 

06300 

0.190 

1.620 

86900 

0.303 

TNR 

37400 

0.435 

Same 

87700 

0.536 

Same 

87800 

0.649 

Same 

87900 

TNR 

Same 

88300 

Failure 

Fa  i  1  u 

S  ""TT  'Vf  'W 


0 


0 


©  ® 


© 


© 


© 


TNR  -  Through  Next  Rivet 


FAILURE  SURFACE 
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TABLE  6-13.  CRACK  MEASUREMENTS  SPECIMEN  LJ-11 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


11 

SINGLE  LAP  JOINT 
49.7 

A-10  2  Hz 


CYCLES  TO  FAILURE: 

%  OF  LIFE  AT  FAILURE: 
FINAL  CRACK  LENGTH: 
HOLE  DIAMETER: 


No  visible  cracks  prior  to  failure. 

2.  Failure  at  41,037  cycles  which  is  20.83%  of  life. 


41,037 

20.83 

0.253 


TABLE  6-14.  CRACK  MEASUREMENTS  SPECIMEN  U-l? 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


12 

SINGLE  LAP  JOINT 
49.7 

A- 10  3  Hz 


CYCLES  TO  FAILURE:  41,693 

%  OF  LIFE  AT  FAILURE:  21.2 
FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  0.252 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT 

PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

1 

4 

0.000 

0.000 

2 

8 

0.000 

0.000 

3 

12 

0.000 

0.000 

4 

16 

0.000 

0.000 

5 

20 

0.000 

0.322 

5.29 

21.16 

Failure 

Failure 
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TABLE  6-17.  CRACK  MEASUREMENTS  SPECIMEN  LJ-27 
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FAILURE  SURFACE 


7.0  00UBLE-SHEAR  LAP-JOINT  TEST  PROGRAM 


The  purpose  of  the  double-shear  lap-joint  test  program  is  similar  to  that  of 
the  single-shear  lap-joint  program,  namely  to  assess  the  analytical  methods  in 
predicting  crack  growth  of  structural  configuration  often  found  in  aircraft 
construction.  The  double-shear  lap-joint  provides  redundancy  in  load  path  and 
eliminates  some  of  the  secondary  effect  due  to  changes  in  load  path. 

7.1  TEST  SPECIMENS 

A  total  of  eighteen  (18)  double-shear  lap-joint  specimens  were  tested  of  2024- 
T3  and  7075-T6  split  skin  spliceo  plates.  The  specimens  configuration  is 
shown  in  Figures  7-1  and  7-2.  All  specimens  contained  initial  corner  flaw  of 
0.050  *nch  located  at  the  center  fastener  hole  In  the  first  row  of  fasteners 
through  the  skin  making  the  splice  plates  more  critical  than  the  skin.  The 
specimens  were  precracked  prior  to  assembly.  The  initial  flaw  was  introduced 
by  means  of  saw-cut  followed  by  constant  amplitude  fatigue  loading  not  exceed¬ 
ing  40%  of  the  yield  stress.  The  loading  was  applied  until  a  flaw  of  0.050 
in.  was  achieved. 

The  testing  Included  three  configurations; 

a.  The  oase  line  was  r.o  interference  fit  fasteners,  clamp-up  or  sealant  at 
the  faying  surface. 

b.  Specirens  with  clamp-up  and  interference  fit  hardware. 

c.  Specimens  with  clamp-up,  interference  fit  and  sealant. 

7.2  IEST  DESCRIPTION 

The  double-shear  lap-joint  specimens  were  tested  using  a  hydraulic,  computer 
controlled  MTS  ma.hina.  Antibuckling  plates  were  installed  at  both  sides  of 
che  specimens  to  prevent  lateral  Instability  during  compressive  loading.  The 
testing  war  oerforr.ed  In  a  Lab-Air  environment  at  a  frequency  of  3  Hz.  figure 
7-3  shows  a  specimen  Installed  in  the  MTS  machine.  The  piecracking  as  well  as 
the  testing  was  performed  at  the  University  of  Dayton  Research  Lab  located  in 


During  the  testing,  measurements  of  crack  growth  were  made  using  an  optical 
method.  A  record  of  crack  growth  vs.  number  of  cycles  was  recorded  for  each 
specimen,  as  well  as  the  critical  crack  length  measured  at  the  fracture  sur¬ 
face  (Figures  7-15  through  7-33). 

7.3  LOADING  SPECTRA 

The  double-shear  lap-joint  specimens  were  subjected  to  three  loading  spectra; 

a.  Constant  amplitude  loading  spectrum, 

b.  A-10A  flight-by- flight  loading  spectrum, 

c.  'AMAVS'  flight-by-flight  loading  spectrum. 

The  A-10A  and  the  AMAVS  loading  spectra  contained  marker  band  cycles  (Ref. 
Appendix  A).  Table  7-1  provides  a  description  of  the  various  specimens  and 
loading  configurations. 

7.4  TEST  RESULTS 

The  test  results  of  eighteen  (18)  double-shear  lap-joint  specimens  are  summar¬ 
ized  In  Table  7-1,  and  shown  for  individual  specimens  in  Figures  7-15  through 
7-33.  The  scatter  In  the  test  data  was  within  30%  except  for  specimen  LJ-23, 
(interference  fit,  clamp-up  and  sealant)  which  had  a  scatter  factor  of  2.0. 
Specimens  IJ-13  and  LJ-14  (clearance  fit,  no  clamp-up  or  sealant)  and  speci¬ 
mens  LJ-17  and  LJ-18  ( Interference  fit,  clamp-up  and  no  sealant)  were  tested 
under  constant  amplitude  loading  at  a  maximum  stress  level  of  13.1  Ks i  and  a 
minimum  stress  of  4.7  Ksi.  Specimens  IJ-13  and  LJ-14  failed  at  210,300  cycles 
and  217,800  cycles,  respectively.  However,  specimens  LJ  17  and  LJ-18  did  not 
fail  at  2  10&  cycles.  Subsequently,  a  decision  was  made  to  Increase  the 

stress  level  of  specimen  LJ-21  (interference  fit,  clamp-up  and  sealant). 

For  specimens  which  were  tested  under  randomized  spectrum,  the  best  results 
were  obtained  from  those  specimens  with  Interference  fit  and  clamp-up.  The 
lives  of  those  specimens  were  much  higher  (factor  of  3-4)  than  the  specimen 
without  interference  fit  or  clamp-up,  and  somehow  higher  than  specimens  con¬ 
taining  sealant  (^  30%  -  40%).  It  Is  concluded  that  the  presence  of  sealant 
at  the  faying  surface  tends  to  reduce  the  fatigue  life  and  is  mainly  due  to 


the  additional  stress  concentration  at  the  faying  surface.  It  must  be  men¬ 
tioned  that  the  test  gross  stress  level  of  37.75  Ksi  is  much  higher  than  the 
acceptable  maximum  spectrum  loading  for  aluminum  alloys.  A  more  realistic 
stress  level  is  on  the  order  of  30.0  Ksi  to  32.0  Ksi. 

The  majority  of  the  specimens  exhibited  cracking  at  both  splice  plates. 
Although,  the  critical  crack  size  was  not  the  same,  it  was  on  the  same  order 
of  magnitude. 

In  contrast  to  the  single-shear  lap-joint  specimens,  relatively  few  cracks 
were  initiated  at  holes  adjacent  to  the  initial  crack  section.  A  strain  sur¬ 
vey  was  performed  on  specimens  LJ-13  and  L 0-31  (Figure  7-4  and  Tables  7-2  and 
7-3).  As  expected,  the  survey  shows  a  decrease  in  load  adjacent  to  the 
cracked  section  (Figure  7-5). 

7.5  FRACTOGRAPHIC  ANALYSIS 

Three  (3)  specimens  were  selected  for  Fractographic  Examination.  They  In¬ 
cluded  specimen  LJ-19  which  was  subjected  to  A-10A  loading  spectrum,  LJ-21 
subjected  to  constant  amplitude  spectrum  and  specimen  LJ-33  subjected  to  AMAVS 
loading  spectrum.  Specimens  LJ-10  and  LJ-21  were  examined  under  a  low  power 
microscope,  while  specimen  LJ-33  was  examined  under  a  Scanning  Electron  Micro 
scope  (SEM). 

Crack  starter  flaws  can  be  seen  In  most  fracture  faces  in  the  center  hole  ex¬ 
cept  where  compressive  loads  have  caused  local  damage.  In  most  of  the  speci¬ 
mens,  additional  Independent  cracks  had  initiated  In  other  holes.  The  pres¬ 
ence  of  multiple  holes  with  multiple  cracks  makes  uncertain  the  determination 
of  a  clearly  defined  dQr  since  the  segments  of  the  cross  section  will  tend 
to  fall  Independently  and  sometimes  sequentially. 

The  results  of  the  examinations  are  presented  as  diagrams  of  the  physical 
cross  section  showing  origin  d1re:tions  and  the  extent  of  crack  growth.  Se¬ 
lected  comments  are  appended  appropriate  to  each  specimen  and  appropriate 
photos  are  also  appended.  Crack  lengths  as  well  as  the  beginnings  of  fast 
fracture,  can  be  directly  derived  from  the  diagrams  and  photos  of  marker  bands. 


All  diagrams  are  viewed  with  the  joint  nuts  on  the  upper  side.  Growth  in  the 
plane  strain  (flat)  mode,  plane  stress  (slant)  mode  and  rapid  fracture  are 
separated  on  the  diagrams. 

Specimen  LJ-19  (interference  fit  and  hardware  clamp-up)  failed  at  171,714 
cycles  of  spectrum  loading,  or  approximately  21  passes.  One  visible  marker 
band  appeared  on  the  bottom  and  top  plates  (nut  is  in  the  top).  The  critical 
crack  length  of  the  top  plate  was  approximately  2.5  in.,  while  the  lower  plate 
was  1.5  in.  The  same  proportionality  appeared  in  the  marker  band  distance 
from  the  hole  (Figure  76).  Also,  the  top  plate  appears  to  have  more  crack 
initiation  sites  than  the  bottom  one.  This  may  be  attributed  to  higher  stress 
level  on  the  top  plate  or  early  crack  initiation  and  subsequent  growth. 

Specimen  LJ-21  exhibited  similar  behavior  to  LJ-19.  The  critical  crack  on  the 
top  plate  (nut  side  of  hardware)  was  approximately  4.0  in.  lone,  while  the 
bottom  plate  was  approximately  3.0  in.  long  (figure  7-7). 

Fractographic  examination  of  specimen  L J -33  revealed  ulear  marking  of  the 
marker  band  cycles  as  indicated  in  Figures  1-b  t»  '•ough  7-10.  The  marking  may 
be  used  to  construct  a  revised  cr<;k  growth  diagram  which  shows  the  rates  of 
growth  at  each  interval  of  the  testing.  Additional  fractographic  examination 
was  performed  at  hole  No.  4  (initial  flaw  site)  using  the  Scanning  Electron 
Microscope  (SEM).  Polaroid  photos  of  magnifications  lOx,  50x,  300x,  and  lOOOx 
were  taken  (Figures  7-11  through  7-14).  The  lOx  photo  shows  the  shape  of  the 
crack  at  various  stages  of  its  growth  and  its  associated  marker  band  (Figure 
7-10).  A  single  pronounced  overload  cycle  may  be  seen  periodically.  Since 
the  specimen  failed  at  92.45%  of  expected  life,  the  number  of  overload  cycles 
applied  will  be  92.45/7.8  =  12,  whl  h  is  the  number  of  ‘crack  jumps'  countrd 
on  the  fracture  surface  (Figure  7-10).  The  50x  polaro  1  shows  Intermediate 
marking  corresponding  to  marker  band  sequencing  as  well  as  periodic  jump  In 
crack  length  due  to  overload  cycles  Figure  7-12).  Further  rtk  g'  if i cation  of 
the  cracking  surface,  300x  and  lOOOx  (Figures  7-13  and  7-14),  revealed  addl 
tlonal  information  as  to  the  mode  of  crack  extension  adjacent  to  the  initial 
flaw  location. 
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TABLE  7-1 .  DOUBLE-SHEAR  LAP-JOINT  SPECIMENS  SUMMARY  TABLE 


MATERIAL 

SPECIMEN 

10 

TEST 

CONDITION 

TYPE  OF 
LOADING 

STRESS 

(Ksi) 

(l)CYCLES 

TO 

FAILURE 

LJ  13 

Clearance  fit. 

Constant 

13.1  max. 

210,300 

LJ  14 

no  clamp-up, 
no  sealant 

amplitude 

4.7  min. 

217,800 

LJ  17 

Interference 

Constant 

13.1  max. 

2.35xl06(*)(+) 

LJ  18 

fit,  clamp-up, 
no  sealant 

amplitude 

4.7  min. 

2.08x10&(*) 

LJ  21 

Interference 
fit,  clamp-up 
sealant 

Constant 

amplitude 

17.0  max. 

1.7  min. 

129,300 

LJ  15 

LJ  16 

Clearance  fit, 
no  clamp-up, 
no  sealant 

A-10 

spectrum 

37.75  max. 

42,008 

36,362 

2024-T3 

LJ  19 

LJ  20 

Interference 
fit,  clamp-up 
no  sealant 

A-10 

spectrum 

37.75  max. 

171  ,714 

179,255 

LJ  22 

LJ  23 

LJ  24 

Interference 
fit,  clamp-up, 
sealant 

A-10 

spectrum 

37 . 75  max . 

62,240 

172,005 

86,871 

LJ  31 

LJ  32 

Clearance  fit, 
no  clamp-up, 
no  sealant 

AMAVS 

spectrum 

37.75  max. 

47,637 

45,860 

LJ  33 

Interference 

AMAVS 

37.75  max. 

135,597 

7075-T6 

LJ  34 

fit,  clamp-up, 
no  sealant 

spectrum 

162,237 

LJ  35 

LJ  36 

Interference 
fit,  clamp-up, 
sealant 

AMAVS 

spectrum 

37.75  max. 

103,461 

137,937 

(*)  Old  not  fail 

(  +  )  Specimen  LJ-17  was  retested  at  <ffnax  =  17.0  Ksi, 
tf~min  *  17  Ksi.  the  test  life  is  349.500  cycles. 


(i)  1  ft  time  of  A-10  Spectrum  =  185,  400  cycles 
(1)  life  time  of  AMAVS  Spectrum  -  143,900  cycles 


TABLE  7-2A.  STRAIN  SURVEY  DATA  OF  SPECIMEN  NO.  LJ-13 


^\Gage  No. 

1 

Crack  Length 
(inch) 

Cycles 

2 

3 

4 

5 

6 

7 

8 

■i sum 

0.0 

0.966 

0.992 

1.002 

0.796 

0.781 

SjB9| 

1.156 

0.993 

0.050 

130,300 

0.974 

0.991 

1.006 

0.836 

0.787 

I 

1.000 

0.997 

0.171 

0.343 

160,600 

0.976 

0.994 

1.003 

0.806 

0.801 

1.060 

0.788 

0.997 

0.203 

169,800 

0.983 

1.000 

1.001 

0.781 

0.815 

1.006 

0.587 

1.001 

0.237 

173,000 

0.988 

1.007 

0.997 

0.767 

0.826 

0.977 

0.322 

1.006 

0.250 

0.750 

(0.344) 

178,300 

0.991 

1.009 

0.996 

0.735 

0.832 

0.952 

0.321 

1.008 

0.353 

0.750 

(0.344) 

i  183,600 

i 

0.996 

1.013 

G.995 

0.698 

0.838 

0.923 

0.330 

1.011 

• 

0.750 

(0.462) 

187,500 

1.006 

1.023 

0.991 

0.669 

0.850 

0.885 

0.355 

1.017 

0.394 

0.750 

(0.586) 

189,900 

1.027 

1.042 

0.980 

0.641 

0.857 

0.837 

0.388 

1.029 

0.750 

0.750 

(0.750) 

192,200 

—  — 

1.033 

1.047 

0.977 

0.614 

0.863 

0.811 

0.405 

1.033 

0.750 

Q.750 

(1.559) 

Note:  1.  The  specimen  is  2024-T3  double-shear  lap-joint  specimen 
without  Interference,  clamp-up,  or  sealant. 

2.  Strain  survey  was  performed  at  12.6  ksi. 

3.  The  figures  in  the  table  are  normalized  with  respect  to  remote  strain 

4.  The  figures  within  the  parentheses  are  the  crack  lengths  at  the  opposite 
side  of  the  precracked  hole. 
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TABLE  1-2%.  STRAIN  SURVEY  DATA  OF  SPECIMEN  NO.  LJ-31 


..Gage  No. 

1 

2 

r - - - 

3 

4 

5 

6 

7 

8 

9 

10 

■KEB3MU 

U22E! 

Rear 

0<]> 

-0.015 

-0.012 

-0.051 

-0.023 

-0.006 

-0.014 

-0.007 

-0.035 

-0.051 

0.001 

NA 

NA 

0(2) 

0.932 

0.961 

0.904 

0.667 

0.623 

1.117 

1.160 

0.938 

-0.013 

0.115 

NA 

NA 

2* 

0.937 

0.961 

0.918 

0.722 

0.680 

1 .134 

1.146 

0.946 

-0.046 

0.115 

NA 

NA 

2*(3> 

-0.042 

-0.058 

0.005 

0.037 

0.003 

0.001 

0.005 

0.015 

-0.984 

-0.010 

NA 

NA 

2*{4) 

0.925 

0.907 

0.923 

0.720 

0.670 

1.128 

1.145 

0.928 

-0.047 

0.112 

NA 

NA 

4* 

0.911 

0.927 

0.923 

0.779 

0.712 

1 .444 

1.163 

0.920 

-0.074 

0.129 

NA 

NA 

H 

0.897 

0.948 

0.908 

0.783 

0.741 

1  .130 

1.153 

0.905 

-0.152 

0.118 

NA 

NA 

1 2% 

0.884 

0.965 

0.899 

0.799 

0.765 

1 .085 

1.117 

0.890 

-0.244 

0.139 

NA 

NA 

1 6% 

0.885 

0.991 

0.952 

0.027 

1.425 

0.463 

1.007 

0.871 

-0.349 

1 

o 

o 

— J 

iO 

0.165 

0.138 

Note:  1.  Strain  readings  were  taken  at  zero  load 

2.  Strain  readings  were  taken  at  29.26  ks 1  unless  otherwise  noted. 

3.  An  error  In  test  fixture  was  corrected;  strain  readings  were 
taken  at  zero  load. 

4.  Strain  readings  were  taken  at  29.26  ksl  after  the  error  In  test 
fixture  was  corrected. 

5.  The  specimen  Is  707 5-T6S1  double-shear  lap-joint  specimen  without 
Interference,  clamp- up,  or  sealant. 

6.  The  figures  In  the  table  are  normalized  with  respect  to  remote 
stress. 
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figure  7-1.  Double-Shear  Lap-Joint  Specimen  Configuration  (2024  T3XX) 
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TABLE  1 


ASSY 

HON  TORQUE 

SEALANT 

"0” 

-1 

FINGER  TIGHT 

NONE 

.3120/3155 

G-F604 

NONE 

.3085/. 3090 

-5 

G-F604 

MiL-S-8802 

.3085/. 3090 

f igure 


7-2.  Oouble-Shear  Lap-Joint  Specimen  Configuration  (7075-T6XX) 
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DIAGRAM  KEY: 


FLAT,  PLANE  STRAIN  MODE 


)1  SLANT,  PLANE  STRESS  MODE 
ifi  RAPID 


NOTES:  1.  4  BAND-A-10  MARKERS  SEEN  AS  INDICATED 


PROBABLE  acr 

SMALL  ^ - 

CRACKS 


|  \  |  M.8.  MARKER  BAND 

T  *  V 


DIAGRAM  KEY: 


FLAT,  PLANE  STRAIN  MODE 
SLANT,  PLANE  STRESS  MODE 
RAPID  FRACTURE 


1.  NO  UNUSUAL  CONDITIONS 
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Figure  7-7.  Fractographic  Examination  of  Specimen  LJ-21 


NOTES: 
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REPEATED  HIGH  LOADS  SAME  AS  MARKERS  -  SEE  PHOTO 


SPECIMEN 

LJ-33 

(DOUBLE-SHEAR) 


REF.  FIGURES 
6-10  THROUGH  6-14 


a  3.17  IN. 
cr  1 
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HOLE  NO.  4 

Figure  7-8.  6x  Photo  of  Specimen  LJ-33  Through  Low-Power  Microscope 
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Figure  7-9.  iqx  Photo  of  Specimen  LJ-33  Through  SEM 


Figure  7-10.  50x  Photo  of  Specimen  LJ-33  Through  SEM 
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TABLE  7-3.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-73 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


13 

DOUBLE  LAP  JOINT 
16.581/5.922 
C A  7.5  Hz 


CYCLES  TO  FAILURE:  210,300 

%  OF  LIFE  AT  FAILURE:  NA 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  0.250 


DISTANCE  FROM 

EDGE  OF 

HOLE 

FRONT 

BACK 

PRE-CRACK 

HOLE 

PRE-CRACK  HOLE 

CYCLES 

LEFT  RIGHT 

LEFT 

RIGHT 

0 

0.000 

0.000 

0.000 

0.000 

75500 

0.000 

0.000 

0.125 

0.000 

98000 

0.000 

0.000 

0.222 

0.000 

106300 

0.000 

0.075 

0.250 

0.000 

111900 

0.000 

0.112 

7 

0.000 

130400 

0.000 

0.171 

0.343 

0.000 

146000 

0.000 

0.176 

0.434 

0.000 

160600 

0.000 

0.203 

0.514 

0.000 

169800 

0.000 

0.237 

0.631 

0.236 

173000 

0.000 

0.250 

TNR 

0.246 

178300 

0.000 

0.353 

Same 

0.344 

183600 

0.000 

7 

Sa  me 

0.462 

187500 

0.000 

0.394 

Same 

0.586 

189900 

0.000 

TNR 

Same 

TNR#1 

192200 

0.000 

Same 

Same 

1.559 

197200 

0.000 

Same 

1.056 

TNR#  2 

210300 

Failure 

Failure 

* 

New  crack  at 

next  rivet  left  side 

Distance  from 

edge  of  second  rivet 

169900 

0.173 

197200 

0.214 

Ftdp| 

TNR  *  Through  Next 

Rivet 

"4i  hi  t 

3  5  K  n  V. 

I 

1  J.  ,  _  _ 

11  -  - 

—1 _ 

rn 

■V 

<D  '+j 

G> 

3) 

■  ■■ 

6  Ot" 

7~\X  7~ 

nr 

< — i  e-  i  1 

LJ _ 

_I _ 1 _ J 

1 

Fracture  Surface  Examination  Specimen  LJ-13 
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TABLE  7-4.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-14 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


14 

DOUBLE  LAP  JOINT 
16.581/5.922 
CA  7.5  Hz 


CYCLES  TO  FAILURE:  217,800 

%  OF  LIFE  AT  FAILURE:  NA 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.250 

BACK  0.252 


DISTANCE  FROM  EDGE  OF  HOLE 


FRONT 

BACK 

PRE-CRACK 

HOLE 

PRE-CRACK 

HOLE 

CYCLES 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0.000 

0.000 

0.000 

0.000 

37200 

0.000 

0.000 

0.097 

0.000 

39900 

0.000 

0.106 

0.118 

0.000 

47900 

0.000 

0.135 

0.137 

0.000 

58100 

0.000 

0.175 

0.188 

0.000 

644C0 

0.000 

0.187 

0.211 

o.ooc 

84200 

0.000 

0.271 

0.294 

0.000 

105700 

0.000 

0.367 

0.405 

0.000 

120900 

0.000 

0.453 

0.502 

0.000 

129100 

0.000 

0.515 

0.580 

0.000 

133000 

0.000 

0.548 

0.620 

0.000 

136300 

0.000 

0.574 

0.658 

0.000 

138000 

0.000 

0.590 

TNR 

0.000 

141600 

0.000 

0.630 

Same 

0.000 

143800 

0.000 

0.674 

Same 

0.000 

187000 

0.000 

TNR 

Same 

0.194 

188200 

0.000 

Same 

Same 

0.227 

189000 

0.000 

Same 

1 .141 

0.242 

190600 

0.000 

Same 

1.181 

0.275 

192800 

0.000 

Same 

1.218 

0.318 

194000 

0.000 

Same 

1.256 

0.347 

195500 

0.000 

Same 

1 .297 

0.304 

196700 

0.000 

Same 

1.322 

0.416 

198300 

0.000 

Same 

1.364 

0.467 

199900 

0.0  CO 

Same 

1.428 

0.523 

201000 

0.000 

Same 

1.471 

0.575 

202000 

0.000 

Same 

1  .497 

0.680 

202500 

0.000 

Same 

1.592 

TNR 

203000 

0.000 

Same 

TNR#  2 

Same 

208300 

0.000 

Same 

Same 

1.178 

208900 

0.000 

1.888 

Same 

1.243 

209500 

0.000 

1.202 

Same 

1.298 

210100 

0.000 

1.221 

Same 

1.351 

210500 

0.000 

1  .226 

Same 

1 .404 

211000 

0.000 

1.237 

Same 

1.472 

211400 

0  .000 

1.251 

Same 

1.551 

TNR  -  Through  Next  Rivet 
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TABLE  7-4.  CRACK  MEASUREMENT  OF  SPECIMEN  U-14  ((om?.) 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 


PRE-CRACK 

HOLE 

PRE-CRACK 

HOLE 

CYCLES 

LEFT 

RIGHT 

LEFT 

RIGHT 

211600 

0.000 

1.255 

Same 

1.637 

212000 

0.000 

0.000 

Same 

TRN#2 

212500 

0.000 

1.288 

2.229 

Same 

212900 

0.000 

1.305 

2.314 

Same 

213300 

0.000 

1.316 

2.453 

Same 

213600 

0.000 

1.332 

2.605 

Same 

213700 

0.000 

0.000 

TNR#3 

Same 

215300 

0 .000 

1.425 

Same 

Same 

215600 

No  crack 

1.504 

TPE 

Same 

216000 

No  crack 

1.632 

TPE 

Same 

216900 

0.320 

TRN#2 

TPE 

Same 

217200 

0.448 

Same 

TPE 

2.333 

217400 

0.566 

Same 

TPE 

TNR#' 

217800 

Failure 

Failure 

Failure 

Failure 

TNR  =  Through  Next 

Rivet 

TPE  =  To  Panel 

Edge 

'  I 


v  .  _< 

Fracture  Surface  Examination  Specimen  U-14 
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TABLE  7-5. 


CRACK  MEASUREMENT  OF  SPECIMEN  LJ-1 5 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


15 

DOUBLE  LAP  JOINT 

49,700 

A-10  3  Hz 


CYCLES  TO  FAILURE:  42,008 

%  OF  LIFE  AT  FAILURE:  21.35 
FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.254 

BACK  0.252 


DISTANCE  FROM 

EDGE  OF  HOLE 

FRONT 

BACK 

PRE-CRACK  HOLE 

PRE-CRACK  HOLE 

PASS 

%  OF  LIFE 

RIGHT 

LEFT 

0 

0 

0 

0 

1 

4 

0 

0 

2 

S 

.099 

.002 

3 

12 

.116 

.125 

4 

16 

.133 

.159 

5 

20 

.154 

.235 

21.35 

Fa i lure 

Failure 

i  ~r 


© 
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HI 
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Fracture  Surface  Examination  Specimen  LJ-15 
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TABLE  7-6.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-16 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) 
SPECTRUM  TYPE: 


16 

DOUBLE  LAP  JOINT 

49,700 

A- 10  3  Hz 


CYCLES  TO  FAILURE:  36,362 
%  OF  LIFE  AT  FAILURE:  18.0 
FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  0.254 


DISTANCE  FROM  EDGE  OF  HOLE 


FRONT 

PRE-CRACK  HOLE 


BACK 

PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0 . 000 

0.000 

1 

4 

0.000 

0.007 

0.087 

0.000 

2 

8 

0.000 

0.114 

0.118 

0.000 

2.45 

9.8 

0.000 

0.130 

0.132 

0.000 

3 

12 

0.000 

0.146 

0.153 

0.069 

4 

16 

0.000 

0.191 

0.222 

0.097 

4.4 

17.6 

0.081 

0.279 

0.42 

0.309 

4.59 

18.36 

0.196 

0.425 

TNR 

TNR 

4.63 

18.52 

Fa i lure 

Failure 

Failure 

Failure 

TNR  =  Through  Next  Rivet 


i 
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Fracture  Surface  Examination  Specimen  LJ-16 
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v. 


TABLE  7-7. 


CRACK  MEASUREMENT  OF  SPECIMEN  LJ-17 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


17 

DOUBLE  LAP  JOINT 
16.5/5.9 
CA  7.5  Hz 


CYCLES  TO  FAILURE:  2.35  X  10 

%  OF  LIFE  AT  FAILURE: 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.251 

BACK  0.252 


TNR  =  Through  Next  Rivet  DISTANCE  FROM  EDGE  OF  HOLE 

FRONT  BACK 


PRE-CRACK  HOLE 

PRE-CRACK 

HOLE 

CYCLES 

LEFT 

HIS  HI 

LEFT 

RIGHT 

2024100 

0.000 

0.000 

0.111 

0.000 

38700 

0.000 

0.000 

0.210 

0.000 

48100 

0.000 

0.000 

0  .310 

0.000 

52700 

0.000 

0.095 

0.363 

0.000 

60200 

0.000 

0.105 

0.459 

0.000 

71700 

0.000 

0.231 

0.668 

0.000 

2082800 

0.000 

0.341 

TNR 

0.000 

2092400 

0.000 

0.459 

Same 

0.000 

2100000 

0.000 

0.554 

Same 

0.000 

2105600 

0.000 

0.653 

Same 

0.000 

2121500 

0.000 

TNR 

Same 

0.000 

2129900 

0.000 

Same 

Same 

0.260 

133200 

0.000 

Same 

Same 

0.350 

137500 

0.000 

Same 

Same 

0.490 

139700 

0.000 

Same 

Same 

0.621 

144300 

0.133 

Same 

Same 

TNR 

2147500 

0.216 

Same 

Same 

Same 

2151100 

0.318 

Same 

Same 

Same 

2155400 

0.436 

Same 

Same 

Same 

2158200 

0.562 

Same 

Same 

Same 

2159900 

TNR 

Same 

Same 

Same 

2314600 

Same 

1.173 

Same 

Same 

2318300 

Same 

1.279 

Same 

Same 

2322600 

Same 

1.373 

Same 

Same 

2326400 

Same 

1  .485 

Same 

Same 

328800 

Same 

1.592 

Same 

Same 

329700 

Same 

1.672 

Same 

Same 

330200 

Same 

TNR#  2 

Same 

Same 

335000 

Same 

Same 

Same 

1.121 

34080C 

Same 

Same 

Same 

1.3  20 

343400 

Same 

Same 

Same 

1.629 

346100 

Same 

Same 

Same 

1.820 

347700 

Same 

Same 

Same 

1.996 

J48600 

Same 

Same 

Same 

2.269 

349000 

Same 

Same 

Same 

2.517 

349400 

Same 

Same 

Same 

3.116 

2351600 

Fa i lure 

Failure 

~7?cp__  1  i 
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fracture  Surface  Examination  Specimen  LO-17 
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TABLE  7-8-  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-18 


SAMPLE  NUMBER:  18  CYCLES  TO  FAILURE:  See  Note  2 

SPECIMEN  TYPE:  DOUBLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE  NA 

MAX  LOAD  (KIPS):  16.581/5.922  FINAL  CRACK  LENGTH: 

SPECTRUM  TYPE:  CA  7.5  Hz  HOLE  DIAMETER:  FRONT  0.248 

BACK  0.251 


DISTANCE  FROM  EDGE  OF  HOLE 


FRONT 

BACK 

PRE-CRACK 

HOLE 

PRE-CRACK 

HOLE 

CYCLES 

LEFT 

RIGHT 

LEFT 

RIGHT 

145700 

0.000 

0.000 

0.124 

0.000 

170800 

0.000 

0.000 

0.174 

0.000 

208000 

0 . 000 

0.000 

0.238 

0.000 

220400 

0.000 

0.000 

0.274 

0.000 

241000 

0.000 

0.000 

0.324 

0.000 

261900 

0.000 

0.000 

0.382 

0.000 

277800 

0.000 

0.000 

0.431 

0.000 

289800 

0.000 

0.000 

0.481 

0.000 

334600 

0.000 

0.000 

0.677 

0.000 

1.  Crack  broke  to  next  rivet  and  arrested. 

2.  Test  was  terminated  after  2.08  X  106  cycles. 

3.  Crack  on  front  did  not  grow.  Crack  on  back  did  not  grow 
past  the  next  rivet. 


TABLE  7-9.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-79 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


19 

DOUBLE  LAP  JOINT 

49,700 

A-10  3  Hz 


CYCLES  TO  FAILURE:  171,714 

%  OF  LIFE  AT  FAILURE:  84.0 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.252 

BACK  0.250 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 


PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

4 

0.000 

0.000 

0.000 

0.000 

2 

8 

0.000 

0.000 

0.000 

0.000 

3 

12 

0.000 

0.000 

0.000 

0.000 

4 

16 

0.000 

0.000 

0.000 

0.000 

5 

20 

0.000 

0.000 

0.000 

0.000 

6 

24 

0.000 

0.105 

0.092 

0.000 

7 

28 

0.000 

0.110 

0.090 

0.000 

8 

32 

0.000 

0.124 

0.103 

0.000 

9 

36 

0.000 

0.139 

0.109 

0.000 

10 

44 

0.000 

0.158 

0.127 

0.000 

11 

48 

0.000 

0.159 

0.133 

0.000 

12 

52 

0.000 

0.175 

0.144 

0.000 

13 

56 

o.oco 

0.184 

0.145 

0.000 

14 

60 

0.000 

0.201 

0.158 

0.000 

15 

64 

0.000 

0.215 

0.1711 

0.000 

16 

68 

0.000 

0.236 

0.182 

0.000 

17 

72 

0.000 

0.2  70 

0.192 

0.000 

17.40 

73.6 

0.000 

0.289 

0.207 

0.000 

18 

76 

0.130 

0.313 

0.218 

0.000 

19 

80 

0.169 

0 .354 

0.239 

0.000 

20 

84 

0.242 

0.432 

0.274 

0.102 

21 

88 

TNR 

TNR 

0.435 

0.270 

21.02 

88  .08 

Failure 

Failure 

Failure 

Fai lure 

TNR  =  Through  Next  Rivet 
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Fracture  Surface  Examination  Specimen  IJ-19 
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TABLE  7-10.  CRACK  MEASUREMENT  Of  SPECIMEN  LJ-10 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


20  CYCLES  TO  FAILURE:  179,255 

DOUBLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  95.6 

49,700  FINAL  CRACK  LENGTH: 

A— 10  3  Hz  HOLE  DIAMETER:  FRONT  0.252 

BACK  0.251 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

4 

0.000 

0.000 

0.000 

0.000 

3 

8 

0.000 

0.000 

0.000 

0.000 

4 

12 

0.000 

0.000 

0.000 

0.000 

5 

20 

0.000 

0.092 

0.080 

0.000 

6 

24 

0.000 

0.101 

0.086 

o.oco 

7 

28 

0.000 

0.109 

0.100 

0.000 

8 

32 

0.000 

0.119 

0.105 

0.000 

9 

36 

0.000 

0.131 

0.128 

0.000 

10 

40 

0.000 

0.151 

0.141 

0.000 

11 

44 

0.000 

0.158 

0.152 

0.000 

12 

48 

0.000 

0.165 

0.159 

0.000 

13 

52 

0.000 

0.174 

0.160 

0.000 

14 

56 

0.000 

0.180 

0.176 

0.000 

15 

60 

0.000 

0.189 

0.192 

0.000 

16 

64 

0.000 

0.200 

0.204 

0.000 

17 

68 

0.000 

0.215 

0.222 

0.000 

18 

72 

0.000 

0.228 

0.232 

0.000 

18.87 

75.48 

0.000 

0.241 

0.262 

0.092 

20 

80 

0.000 

0.251 

0.292 

0.122 

21 

84 

0.085 

0.287 

0.327 

0.152 

22 

88 

0.146 

0.326 

0.385 

0.206 

23 

92 

0.231 

0.436 

0.530 

0.347 

23.21 

92.84 

Failure 

Failure 

Failure 

Failure 

TNR  -  Through  Next  Rivet 
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TABLE  7-11.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-21 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


DOUBLE  LAP  JOINT 
22.4/2.2 
CA  5  Hz 


CYCLES  TO  FAILURE:  129300 

%  OF  LIFE  AT  FAILURE:  NA 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.251 

BACK  0.251 


TNR  =  Through  Next  Rivet 


DISTANCE  FROM  EDGE  OF  HOLE 


FRONT 


BACK 


PRE-CRACK 

HOLE 

PRE-CRACK 

HOLE 

CYCLES 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0.000 

0.000 

0.000 

O.OCO 

16400 

0.000 

0.102 

0.000 

0.000 

20800 

0.000 

0.141 

0.000 

0.000 

26500 

0.000 

0.197 

0.000 

0.000 

31600 

0.000 

0.239 

0.129 

0.000 

37700 

0.000 

0.317 

0.166 

0.000 

4  560C 

0.000 

0.418 

0.257 

0.000 

52500 

0.094 

0.534 

0.332 

0.000 

57100 

0.184 

0.653 

0.375 

0.000 

60900 

0.309 

TNR 

0.445 

0.000 

64400 

0.441 

Same 

0.499 

0.000 

67200 

0.578 

Same 

0.562 

0.000' 

69800 

TNR 

Same 

0.677 

0.000 

74500 

Same 

Same 

TNR 

0.000 

93900 

Same 

Same 

Same 

0.098 

96000 

Same 

Same 

Same 

0.196 

98200 

Same 

Same 

Same 

0.296 

100100 

Same 

Same 

Same 

0.390 

102500 

Same 

Same 

Same 

0.559 

103200 

Same 

Same 

Same 

0.668 

103500 

Same 

Same 

Same 

TNR 

115300 

Same 

Same 

Same 

1.275 

116600 

Same 

Same 

Same 

1.374 

117600 

Same 

Same 

Same 

1 .477 

118300 

Same 

Same 

Same 

1.576 

118600 

Same 

Same 

Same 

Same 

119000 

Same 

Same 

1.173 

Same 

120300 

Same 

Same 

1.271 

Same 

121500 

Same 

Same 

1.372 

Ga  me 

122400 

Same 

Same 

1.472 

Same 

123100 

Same 

S  a  tnc 

1.581 

Same 

123500 

Same 

Same 

TNRl  2 

Same 

125700 

Same 

1 . 1 8 .1 

Same 

Same 

126600 

Same 

1.310 

Same 

Same 

127200 

Same 

1.410 

Same 

Same 

127600 

Same 

1.508 

Same 

Same 

127900 

Same 

1.622 

Same 

Same 

128000 

Same 

TNR  #2 

S  i-.me 

Same 

128800 

Same 

Same 

2.226 

Same 

129200 

Same 

Same 

2.489 

Same 
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TABLE  7-12.  CRACK  MEASUREMENT  OF  SPECIMEN  L.l-22 


SAMPLE  NUMBER:  22  CYCLES  TO  FAILURE:  62,240 

SPECIMEN  TYPE:  DOUBLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  31.92 

MAX  LOAD  (KIPS):  49,700  FINAL  CRACK  LENGTH: 

SPECTRUM  TYPE:  A-10  3  Hz  HOLE  DIAMETER:  FRONT  0.251 

BACK  0.253 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRJ-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

PIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

4 

0.000 

0.000 

0.000 

0.000 

2 

8 

0.000 

0.000 

0.000 

0.000 

3 

12 

0.000 

0.000 

0.073 

0.000 

4 

16 

0.000 

0.102 

0.114 

0.000 

5 

20 

0.000 

0.106 

0.130 

0.000 

6 

24 

0.000 

0.133 

0.152 

0.000 

7 

28 

0.000 

0.152 

0.190 

0.000 

7.98 

31.92 

Failure 

Failure 

Failure 

Failure 
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TABLE  7-13.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-23 


SAMPLE  NUMBER:  23  CYCLES  TO  FAILURE:  172,005 

SPECIMEN  TYPE:  DOUBLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  89.08 

MAX  LOAD  (KIPS):  49,700  FINAL  CRACK  LENGTH: 

SPECTRUM  TYPE:  A-10  4  Hz  HOLE  DIAMETER:  FRONT  0.251 

BACK  0.252 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

4 

0.000 

0.000 

0.000 

0.000 

2 

8 

0.000 

0.000 

0.000 

0.000 

3 

12 

0.000 

0.000 

0.000 

0.000 

4 

16 

0.000 

0.000 

0.000 

0.000 

5 

20 

0.000 

0.096 

0.000 

0.000 

6 

24 

0.000 

0.110 

0.000 

0.000 

7 

28 

0.000 

0.111 

0.000 

0.000 

8 

32 

0.000 

0.122 

0.000 

0.000 

9 

36 

0.000 

0.134 

0.000 

0.000 

10 

40 

0.000 

0.143 

0.000 

0.000 

11 

44 

0.000 

0.149 

0 .081 

0.000 

12 

48 

0.000 

0.161 

0.094 

0.000 

13 

52 

0.000 

0.168 

0.100 

0.000 

14 

56 

0.000 

0.177 

0.116 

0.000 

15 

60 

0.000 

0.189 

0.136 

0.000 

16 

64 

0.000 

0.200 

0.149 

o.ooc 

17 

68 

0.000 

0.205 

0.169 

0.090 

18 

72 

0.000 

0.222 

0.190 

0.120 

19 

76 

0.000 

0.237 

0.209 

0.134 

20 

80 

0.000 

0.262 

0.244 

0.163 

21 

84 

0.103 

0.301 

0.296 

0.215 

22 

88 

0 .202 

0.380 

0.417 

0.347 

22.29 

89.16 

Failure 

Failure 

Fa ilure 

Failure 
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TABLE  7-14.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-24 


SAMPLE  NUMBER: 

24 

CYCLES  TO  FAILURE: 

86,871 

SPECIMEN  TYPE: 

DOUBLE  LAP  JOINT 

%  OF  LIFE  AT  FAILURE: 

44.72 

MAX  LOAD  (KIPS): 

49,700 

FINAL  CRACK  LENGTH: 

SPECTRUM  TYPE: 

A-10  4  HZ 

HOLE  DIAMETER:  FRONT 

0.251 

# 

BACK 

0.251 

DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

4 

0.000 

0.000 

0.000 

0.000 

2 

8 

0.000 

0.000 

0.000 

0.000 

3 

12 

0.000 

0.097 

0.000 

0.000 

4 

16 

0.000 

? 

0.000 

0.000 

5 

20 

0.000 

0.103 

0.118 

0.000 

6 

24 

0.000 

0.105 

0.131 

0.000 

7 

28 

0.000 

0.126 

0.140 

0.000 

8 

32 

0.000 

0.142 

0.155 

0.000 

9 

36 

0.000 

0.149 

0.173 

0.000 

10 

40 

0.000 

0.166 

0.210 

0.000 

11 

44 

0.000 

0.180 

0.272 

0.137 

11.19 

44.7  2 

Failure 

Failure 

Failure 

Failure 
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TABLE  7-15.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-31 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE : 


31 

DOUBLE  LAP  JOINT 

103,200 

AMAVS  3  HZ 


CYCLES  TO  FAILURE:  47,637 

%  OF  LIFE  AT  FAILURE:  32.47 
FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.314 

BACK  0.312 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 


PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

7.84 

0  .000 

0.000 

0.000 

0.000 

2 

15.68 

0.165 

0.000 

0.000 

0.138 

3 

23.52 

0.298 

0.000 

0.000 

0.226 

4 

31.37 

TNR 

TNR 

0.113 

0.348 

4.14 

32.47 

Failure 

Failure 

Failure 

Failure 

TNR  =  Through  Next  Rivet 
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TABLE  7-16.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-32 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


32  CYCLES  TO  FAILURE:  45,860 

DOUBLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  31.25 
103,200  FINAL  CRACK  LENGTH: 

AMAVS  4  HZ  HOLE  DIAMETER:  FRONT  0.312 

BACK  0.313 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRAK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF 'LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

7.84 

0.000 

0.000 

0.000 

0.000 

2 

15.68 

0.184 

0.000 

0.000 

0.000 

3 

23.52 

0.335 

0.160 

0.0000 

0.000 

3  .986 

31.25 

Failure 

Failure 

Failure 

Failure 
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TABLE  7-17. 


CRACK  MEASUREMENT  OF  SPECIMEN  U-33 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


33 

DOUBLE  LAP  JOINT 

103/200 

AMAVS  4  Hz 


CYCLES  TO  FAILURE:  135,597 

%  OF  LIFE  AT  FAILURE:  92.45 

FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.311 

BACK  0.313 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

7.84 

0.000 

0.000 

0.000 

0.000 

2 

15.68 

0.000 

0.000 

0.000 

0.000 

3 

23.52 

0.000 

0.000 

0.000 

0.000 

4 

31.37 

0.000 

0.156 

0.102 

0.000 

5 

39.21 

0.000 

0.198 

0.159 

0.000 

6 

47.05 

0.000 

0.261 

0.206 

0.000 

7 

54.89 

0.000 

0.321 

0.262 

0.000 

8 

62.73 

0.000 

0.388 

0.331 

0.000 

9 

70.58 

0.000 

0.466 

0.406 

0.000 

10 

78  .42 

0.000 

0.613 

0.520 

0.200 

10.85 

85.08 

TNR 

TNR 

TNR 

TNR 

11 

86.26 

Same 

Same 

Same 

Same 

11.79 

92.45 

Failure 

Failure 

Failure 

Failure 

TNR  -  Through  Next  Rivet 
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TABLE  7-18.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-34 


SAMPLE  NUMBER:  34  CYCLES  TO  FAILURE:  162,237 

SPECIMEN  TYPE:  DOUBLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  110.49 

MAX  LOAD  (KIPS):  103,200  FINAL  CRACK  LENGTH: 

SPECTRUM  TYPE:  AMAVS  7  Hz  HOLE  DIAMETER:  FRONT  0.313 

BACK  0.315 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

7.84 

0.000 

0.000 

0.000 

0.000 

2 

15.68 

0.000 

0.000 

0.000 

0.000 

3 

23.52 

0.000 

0.000 

0.000 

0.000 

4 

31.37 

0.000 

0.000 

0.156 

0.000 

5 

39.21 

0.000 

0.0000 

0.195 

0.000 

6 

47.05 

0.000 

0.146 

0.238 

0.000 

7 

54.89 

0.000 

0.185 

0.300 

0.000 

8 

62.73 

0.000 

0.224 

0.350 

0.000 

9 

70.58 

0.000 

0.261 

0.433 

0.000 

10 

78.42 

0.000 

0.304 

0.497 

0.000 

11 

86.26 

0.000 

0.344 

TNR 

0.333 

12 

94.10 

0 .000 

0.418 

Same 

TNR 

13 

101.94 

0.000 

0.512 

Same 

Same 

14 

109.79 

TNR 

TNR 

TNR#  2 

Same 

14.03 

110.00 

Same 

Same 

Sa  me 

TNRI2 

14.09 

110.49 

Fai lure 

Failure 

Failure 

Failure 

TNR  =  Through  Next  Rivet 


i 


Fracture  Surface  Examination  Specimen  LJ-34 


199 


TABLE  7-19.  CRACK  MEASUREMENT  OF  SPECIMEN  U-35 


<S 


v 

s' 

%' 

% 

s 

V 

!S 


} 

I 

w 

j 
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SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS) : 
SPECTRUM  TYPE: 


35 

DOUBLE  LAP  JOINT 

103,200 

AMAVS  7  HZ 


CYCLES  TO  FAILURE:  103,461 

%  OF  LIFE  AT  FAILURE:  70.50 


FINAL  CRACK  LENGTH: 

HOLE  DIAMETER:  FRONT  0.313 

BACK  0.315 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

7.84 

0.000 

0.000 

0.000 

0.000 

2 

li  ,68 

0.000 

0.000 

0.000 

0.000 

3 

23.52 

0.000 

0.000 

0.000 

0.000 

4 

31.37 

0.143 

0.000 

0.000 

0.207 

5 

39.21 

0.191 

0.000 

0.000 

0.281 

6 

47.05 

0.238 

0.000 

0.000 

0.374 

7 

54.89 

0.286 

0.000 

0.000 

0.508 

8 

62.74 

0.364 

0.000 

TNR 

TNR 

8.99 

70.50 

Failure 

Failure 

Failure 

Failure 

TNR  =  Through  Next  Rivet 
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TABLE  7-20.  CRACK  MEASUREMENT  OF  SPECIMEN  LJ-36 


SAMPLE  NUMBER: 
SPECIMEN  TYPE: 
MAX  LOAD  (KIPS): 
SPECTRUM  TYPE: 


36  CYCLES  TO  FAILURE:  137,937 

SINGLE  LAP  JOINT  %  OF  LIFE  AT  FAILURE:  94.02 

103,200  FINAL  CRACK  LENGTH: 

AMAVS  5  Hz  HOLE  DIAMETER:  FRONT  0.314 

BACK  0.311 


DISTANCE  FROM  EDGE  OF  HOLE 
FRONT  BACK 

PRE-CRACK  HOLE  PRE-CRACK  HOLE 


PASS 

%  OF  LIFE 

LEFT 

RIGHT 

LEFT 

RIGHT 

0 

0 

0.000 

0.000 

0.000 

0.000 

1 

7.04 

0.000 

0.000 

0.000 

0.000 

2 

15.68 

0.000 

0.000 

0.000 

0.000 

3 

23.52 

0.108 

0.000 

0.000 

0.000 

4 

31.37 

0.163 

0.000 

0.000 

0.127 

5 

39.21 

0.221 

0.000 

0.000 

0.185 

6 

47.05 

0.267 

0.000 

0.000 

0.216 

7 

54.89 

0.332 

0.000 

0.000 

0.273 

8 

62.73 

0.406 

0.000 

0.000 

0.348 

9 

70.58 

0.542 

0.000 

0.000 

0.433 

10 

78.42 

TNR 

0.000 

0.000 

0.590 

11 

86.26 

Same 

0.230 

0.088 

TNR 

11.99 

94.02 

Fa ilure 

Failure 

Failure 

Failure 

TNR  *  Through  Next  Rivet 
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8.0  STRINGER  REINFORCED  SPECIMENS  TEST  PROGRAM 


The  purpose  of  the  stringer  reinforced  test  program  was  to  access  the  state- 
of-the-art  analytical  capabilites  in  predicting  crack  growth  life  of  specimen 
configurations  typical  to  that  which  exist  In  aircraft. 

8.1  TEST  SPECIMENS 

A  total  of  thirty-six  (36)  stringer-reinforced  specimens  were  tested.  The 
specimens  were  made  of  2024-T3XX  and  7075-T6XX  aluminum  alloy  representative 
of  materials  used  in  the  lower  wing  cover  of  fighter/trainer  and  bomber/cargo 
type  aircrafts,  respectively.  Four  (4)  specimen  configurations  were  tested, 
including  (Ref.  Table  8-1): 

a.  Continuous  skin,  center  'TEE'  stringer. 

b.  Split  skin,  center  'TEE'  stringer. 

c.  Continuous  skin,  center  ' L '  stringer. 

d.  Continuous  skin,  edge  'L'  stringer. 

A  photo  of  specimens  No.  GT221K0011-7A  and  -58  are  shown  In  Figure  8-1.  Cross 
section  Illustration  of  each  of  the  specimens  is  shown  in  Figure  8-2  through 
8-7.  All  specimens  contained  an  Initial  flaw  (  3  *  0.050  In.)  located  at 

the  edge  of  an  attachment  hole.  The  specimens  were  precracked  prior  to 
assembly.  The  Initial  flaw  was  introduced  by  means  of  a  saw-cut,  followed  by 
the  application  of  a  constant  amplitude  load  spectrum.  The  magnitude  of  the 
load  did  not  exceed  40%  of  the  yield  stress  of  the  material.  The  specimens 
were  then  assembled.  The  precracked  holes  had  always  clearance  fit  hardware 
with  no  clamp-up.  The  adjacent  holes  had  Interference  fit  hardware  and  the 
appropriate  clamp-up. 

8.2  TEST  DESCRIPTION 

The  stringer  reinforced  specimens  were  tested  using  a  MTS,  hydraulic  computer 
controlled  testing  machine.  Anti-buckling  plates  were  Installed  on  both  sides 
of  the  specimens  to  prevent  lateral  instability  during  compressive  loading. 

The  testing  was  performed  at  the  University  of  Dayton  Research  Center  In  a 
lab -Air  environment  and  a  loading  frequency  of  3  Hz.  Measurements  of  crack 
length  vs.  number  of  cycles  were  recorded.  Using  optical  means  (Table  8-3 
through  8-44),  a  strain  survey  were  taken  before  and  during  the  tests  (Ref. 
Tables  8-6,  8-17,  8-25,  8-31,  8-36  and  8-41). 
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8.3  LOAOING  SPECTRA 


The  stringer  reinforced  specimens  were  subjected  to  either  a  constant  ampli¬ 
tude  loading  or  a  fllght-by-f light  loading.  The  f 1 1 ght-by-f light  loading 
Included  the  A-10A  and  the  ANAVS  randomized  loading  spectra.  The  maximum  and 
the  minimum  stress  levels  are  given  In  Table  8-2.  Marker  band  cycles  were 
Included  In  the  A-10A  and  the  AMAVS  loading  spectra  (Ref.  Volume  III). 

8.4  TEST  RESULTS 

The  test  results  obtained  from  thirty-six  (36)  stringer  reinforced  specimens 
are  presented  In  Table  8-2.  In  general,  the  test  results  show  wider  scatter 
In  number  of  cycles  to  failure  than  those  obtained  from  the  lap-joint  speci¬ 
mens.  This  may  be  attributed  to  the  geometrical  complexity  of  the  stringer- 
reinforced  specimens.  Table  8-2  contains  critical  crack  length  measurements 
taken  during  the  test  as  well  as  the  crack  length  measured  after  specimen 
failure.  In  some  instances  there  Is  a  wide  variation  between  the  two  sets  of 
measurements.  The  Individual  crack  length  data  and  strain  survey  of  speci¬ 
mens  No.  40,  50  and  56  are  presented  in  Tables  8-3  through  8-44. 

8.4.1  Test  Results  of  Specimens  Subjected  to  A-10A  Loading  Spectrum 
The  test  results  obtained  from  twelve  (12)  stringer-reinforced  specimens  sub¬ 
jected  to  an  A-10A  loading  spectrum,  indicate  a  substantially  higher  life  for 
L-center  stringer  specimen  than  the  T-center  or  the  L-edge  specimens.  This 
may  be  attributed  to  the  relative  cross  sectional  area  of  the  stringer  section 
to  the  specimen  section.  The  above  ratio  for  the  T-center  and  the  L-edge 
specimens  are  approximately  20%,  while  the  L-center  is  10%.  Therefore,  the 
failure  of  the  stringer  in  the  case  of  the  L-center  contributed  less  In  stress 
rise  than  the  other  two  cases.  The  lowest  life  was  obtained  from  the  L-edge 
specimen.  This  may  be  attributed  to  the  eccentricity  of  the  load  distribution 
that  causes  uneven  load  distribution  along  the  specimen  cross  section.  The 
scatter  In  the  total  life  for  the  L-edge  type  specimen  was  the  worst  of  the 
three.  Specimen  No.  55  failed  at  100,823  cycles  vs.  160,900  cycles  for  speci¬ 
men  56.  The  reason  of  the  relatively  large  deviation  in  crack  growth  life 
between  specimen  No.  55  and  specimen  No.  56  was  attributed  to  unintentionally 
extra  drilled  0.125  in.  dlamter  hole  located  at  the  fracture  surface  (Figure 
8-10).  A  clear  marking  of  crack  initiation  may  be  seen  at  the  drilled  hole. 
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The  critical  crack  length  exhibited  a  similar  trend.  For  the  L-center  speci¬ 
men  (average  of  4  specimens)  the  critical  crack  length  was  8.4  In.,  compared 
with  4.6  in.  and  3.67  in.  for  the  T-center  and  l-edge  specimens,  respectively. 

A  strain  survey  of  specimens  40,  50  and  56,  indicate  fairly  uniform  stress 
distribution  until  stringer  failure.  The  strain  surveys  are  presented  in 
Tables  8-6,  8-17  and  8-24,  respectively. 

8.4.2  Test  Results  of  Specimens  Subjected  to  AMAVS  Loading  Spectrum 

The  test  results  of  the  stringer  reinforced  specimens  subjected  to  the  AMAVS 
loading  spectrum  are  presented  In  Table  8-2.  Specimens  No.  61  through  68  were 
loaded  at  a  maximum  stress  level  of  30.5  Ksi,  while  specimens  No.  69  through 
72  were  loaded  at  a  maximum  stress  of  21.5  Ksi.  The  largest  scatter  in  life 
occurred  in  the  T-center  split  skin  specimens.  Specimen  No.  65  failed  at 
259,515  cycles,  while  specimen  No.  66  failed  at  101,  023  cycles.  Amc.'.g  the 
T-center  specimens,  the  continuous  skin  specimens  had  higher  life  to  failure. 
Although  none  of  the  split  skin  specimens  showed  any  indication  of  crack  ini¬ 
tiation  at  the  adjacent  plate,  their  corresponding  life  was  shorter.  Also, 
the  critical  crack  length  for  the  split  skin  specimens  was  smaller  than  the 
continuous  skin  specimens.  The  average  crack  lengths  to  failure  were  5.275 
in.,  3.275  in.  and  4.975  in.  for  T-center  continuous  skin,  T-center  split  skin 
and  L-edge,  respectively.  The  average  fracture  toughness  of  the  specimen  was 
approximately  100  Ksi  in.  A  strain  survey  of  specimens  No.  62,  66  and  70  are 
shown  in  Tables  8-31,  8-36  and  8-41,  respectively. 

8.4.3  Test  Results  of  Specimens  Subjected  to  Constant  Amplitude  Loading 
Spectrum 

The  specimens  which  were  subjected  to  a  constant  amplitude  loading  spectrum 
exhibited  the  best  results  with  respect  to  scatter.  Among  similar  specimens, 
the  highest  amount  of  scatter  was  observed  for  the  TEE-center  specimens.  The 
failure  occurred  at  55,960  cycles  and  74,330  cycles  for  specimens  No.  41  and 
42,  respectively.  The  highest  variation  in  the  number  of  cycles  to  failure 
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was  found  in  the  L-edge  specimens.  The  failure  occurred  at  67,136  cycles  and 
87,647  cycles  for  Type  A  and  Type  8  respectively. 

The  highest  average  number  of  cycles  to  failure  was  obtained  from  the  L-edge 
specimens.  The  failure  occurred  at  77,400  cycles  vs.  74,500  and  65,450  cycles 
for  L-center  and  TEE-center  specimens  respectively. 

The  critical  crack  length  at  failure  was  fairly  uniform.  The  average  crack 
length  of  twelve  (12)  specimens  was  11.0  inches.  The  corresponding  fracture 
toughness  was  KI(.  =  1 20  Ksi  \j Tn. 

8.5  FRACT0GRAPH1C  ANALYSIS 

Four  (4)  stringer  reinforced  specimens  were  selected  for  f ractographic  examin¬ 
ation.  The  purpose  of  the  examination  was  to  determine  the  fracture  surface 
characteristics  for  the  initiation  and  growth  of  the  cracks.  The  examinations 
were  performed  under  a  low-power  microscope.  The  specimens  examined  included 
No.'s  57,  60,  63  and  67.  Figures  8-S  through  8-16  show  the  fracture  surfaces 
of  some  of  the  specimens  subsequent  to  failure. 

8.5.1  Specimen  No.  57  Fractographlc  Analysis 

Specimen  No.  57  consisted  of  an  edge-stringer  reinforced  skin.  It  was  made  of 
2024-T3  sheet  and  2024-T3511  extruded  angles.  The  specimen  was  subjected  to  a 
constant  amplitude  load  spectrum  with  a  maximum  stress  level  of  17.0  Ksi  and 
stress  ratio  of  R  =  0.10.  The  specimen  failed  at  92,784  cycles. 

Tne  f ractographic  examination  revealed  slow  crack  growth  at  the  extruded 
angle,  with  some  initiation  at  the  adjacent  hole.  The  vertical  member  of  tne 
angle  contained  very  little  evidence  of  crack  initiation.  The  stringer  failed 
with  relatively  small  cracks  present,  being  on  the  order  of  0.25  Inch  on  each 
side  of  the  hole.  However,  the  skin  contained  much  more  crack  growth,  start¬ 
ing  with  plane  strain  growth  and  followed  by  plane  stress  up  to  final  fail¬ 
ure.  The  critical  crack  length  at  failure  was  determined  to  be  a  =  11.75 

c  r 

Inches.  The  initial  flaw  was  visible  at  the  hole  close  to  the  stringer's  up¬ 
standing  leg.  The  fracture  toughness  was  determined  to  be  in  the  order  of 
100-120  ksi  /irT.  Figures  8  1 1 A  and  8  118  show  the  fracture  surfaces  subse¬ 
quent  to  failure. 
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8.5.2  Specimen  No.  60  Fractographlc  Analysis 

Specimen  No.  60  consisted  of  an  edge-stringer  reinforced  skin.  It  was  made  of 
2024-13  sheet  reinforced  by  two  edge  members  made  of  2024-T3511  extruded 
angle.  The  specimen  was  subjected  to  the  A-10A  loading  snectrum  and  contained 
marker  band  cycles.  The  maximum  and  minimum  stress  levels  were  37.5  Ksi  and 
-8.34  Ksi,  respectively.  The  specimen  failed  at  130,030  cycles  passes). 

The  fractographlc  analysis  did  not  reveal  any  significant  amount  of  crack  ini¬ 
tiation  at  the  adjacent  hole.  The  total  length  of  the  stringer  crack  was  on 
the  order  of  1.4  Inches,  while  the  skin  contained  3.0  inches  .jf  stable  crack¬ 
ing.  Clear  marker  band  serrations  were  visible  at  the  skin  and  stringer  frac¬ 
ture  surface.  As  expected,  the  crack  growth  rate  in  the  stringer  flange 
slowed  substantially  upon  approaching  the  upstanding  leg,  while  growth  In  the 
skin  accelerated.  Figures  8-12A  and  8-12B  snow  the  fracture  surface  subse¬ 
quent  to  failure. 

8.5.3  Specimen  No.  63  Fractographlc  Analysis 

Specimen  No.  63  consisted  of  tee-stringer  reinforced  continuous  skin.  The 
specimen  was  made  of  7075-T6  sheet  attached  to  7075-T651  extruded  angle.  The 
specimen  was  subjected  to  the  'AHAVS'  loading  spectrum  containing  marker  band 
cycles.  The  maximum  and  m1n*mum  stress  levels  were  30.5  Ksi  and  -6.64  Ksi, 
respectively.  The  specimen  failed  at  156,117  cycles  (j£l3  passes).  The 
fractographlc  examination  revealeo  clear  markings  corresponding  to  high  load 
cycles.  The  crack  growth  rates  slowed  down  substantially  when  the  crack 
approached  the  upstanding  leg  of  the  stringer.  The  crack  had  plane  strain 
characteristics  up  to  a  length  of  09  inch  i:  the  stringer  and  1.65  inches  in 
the  skin,  subsequently,  the  mode  of  propagation  changed  to  plane  stress  until 
final  failure.  The  critical  crack  length  in  the  stringer  was  2.2  inches  in 
the  flange  section  and  0.60  inch  in  the  upstanding  leg  section.  The  criti¬ 
cal  length  in  the  skin  was  4.60  inches.  Contrary  to  expectation,  there  was  no 
crack  initiation  at  the  adjacent  hole.  Figures  8-13A  through  8-13C  show  the 
fracture  surface  subsequent  to  failure. 

8.5.4  Specimen  No.  67  Fractographlc  Analysis 

Specimen  No.  67  consisted  of  tee-stringer  reinforced  split  skin.  The  specimen 
was  made  of  7075-T6  skin  attached  to  7075-T651  extruded  angle.  It  was  sub¬ 
jected  to  the  'AMAVS'  load  spectrum,  including  marker  band  cycles.  The 
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maximum  and  minimum  stress  levels  were  30.5  Ksl  and  -6.64  Ksi,  respectively. 

The  specimen  failed  at  152,511  cycles  (  )C  13  passes).  The  f ractographic  exam¬ 
ination  revealed  slow  crack  growth  on  one  side  of  the  specimen  with  very  little 
Initiation  on  the  opposite  side  of  the  hole.  The  critical  crack  length  was 
0.50  inch  and  2.3  Inches  In  the  stringer  and  skin,  respectively.  The  adjacent 
skin  did  not  contain  any  cracking,  but  failed  statically.  Figures  8-15  and 
8-1 58  show  the  fracture  surface  subsequent  to  failure. 
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TABLE  8-1 .  STRINGER-REINFORCED  SPECIMEN  GEOMETRIES 
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TABLE  8-2.  STRINGER-REINFORCED  SPECIMENS;  SUMMARY  OF  TEST  RESULTS 


SPEC. 

10 

OASH 

NO. 

SPEC. 
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MAX. 

STRESS 

(KSI) 

MIN. 

STRESS 

(KSI) 

LAST 

a  cr 
(IN) 

MEASURE 
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a  cr 
(IN) 

CYCLES 

TO 

FAILURE 

37 
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C.A. 

17.0 
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38 
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1.70 
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39 
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40 
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3.70 
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41 
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42 
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43 
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44 
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45 
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46 
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53 
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54 
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55 
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56 
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35.75 
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57 
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58 
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59 
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60 
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61 
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62 
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63 

-78 
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7.20 
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64 
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AMAVS 
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-6.64 
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65 
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66 

-9A 
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67 

-98 
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68 
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69 
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71 
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72 
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*F1r$t  47,700  cycles  Cmin  -  4.5*  KSI,  subsequently  <J m^n  =  1.7  KSI 
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SPECIMEN  NO.  GT221K001 1-1 


MAT' L  - 2024-T351/2024-T3 


STRINGER 

X  -  0.0 

y  -  0.5813  In. 
Ixx  *  0.4161  in.4 
I y Y  *  0.2890  In.4 
A  -  0.8990  In. 2 

SKIN  +  STRINGER 

A  =  4.28281  1n.? 


y 


Figure  8-2.  Specimen  GT221K0011  1  Configuration 
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SPEC  *EN  NO.  GT221K0011-3 


MAT ' L - 2024-T351 /2024-T3 


STRINGER 


X  =  0.251  in. 


Figure  8-3.  Specimen  GT221K0011-3  Configuration 
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SPECIMEN  NO.  GT221K001 1 -5 


MAT ' L - 2024-T351 /2024-T3 


STRINGER 

X  =  1.382  In.2 

y  *  1.852  In. 

I\X  E  0.593  in. 

I y y  *  0.868  In. 

A  =  0.747  In. 4 

SKIN  4-  STRINGER 

A  =  6.148  In.2 
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Figure  8-4.  Specimen  GT221K0011-5  Configuration 
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Figure  8-5.  Specimen  GT221K0011-7  Configuration 
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SPECIMEN  NO.  GT221K001 1 -9 


MAT' L - 707 5 -T7 36/707 5-T6 


STRINGER 

X  «  0.0 

y  *  0.7125  In. 

Ixx  -  0.9719  In.4 

1Yy  -  0.6800  in.4 
A  •  1.5966  in.2 

SKIN  +  STRINGER 

A  =  7.18105  In.2 
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figure  8-6.  Specimen  GT221K0011 -9  Configuration 


SPECIMEN  NO.  GT221K0011-11 


MAT'L - 707 5-T 7 36/707 5-T6 


(-1 IA) 


(-1  IB) 


10.000 
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=  1.136  In. 


=  -0.643  In. 

-  1.8216  In.4 
=  1.5693  In.4 
«  2.289  in. 2 


SKIN  j-  STRINGER 


A  *  10.238  In.2 


3.000 


Figure  8-7.  Specimen  GT221K0011-11  Configuration 
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FigurA  8  1 T A .  Fractographlc  Examination  of  Specimen  No.  57 
(Subjected  to  C.A.  Loading) 


57  Subsequent  to  Failure 
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Figure  8-13A.  Fractographlc  Examination  of  Specimen  No.  63 
(Subjected  lO  AMAVS  loading  Spectrum) 
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Figure  8-13B.  Fractographic  Examination  of  Specimen  No.  63 
(Subjected  to  AMAVS  Loading  Spectrum) 


gure  8-13C.  Specimen  No.  63  Fracture  Surface  c  ^sequent  to  Failure 


KEY: 


>yn\^y7  PLANE  strain 
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Figure  8-15A.  Fractographlc  Examination  of  Specimen  No  67 
(Subjected  to  AMAVS  Loading  Spectrum) 
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pecimen  Mo.  70  Fracture  Surface  (Subjected 
'AMAVS'  Loading  Spectrum) 


TABLE  8-3.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  37 
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ITPIMSER  CRACK  REACHED  IliE  RIClfT  EDGE  AT  CYCLE  30600 


TABLE  8-9.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  42 
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LEFT  STRINGER  CRACK  OF  . 7  IS  AN  ESTIMATED  VALUE 


TABLE  8-10.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  43 
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TABLE  8-11.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  44 
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TABLE  8-24.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  47 
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255GG1  FAILURE  FAILURE  FAILURE  FAILURE 
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TABLE  8-16.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  49 
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TABLE  8-17.  STRAIN  SURVEY  OF  SPECIMEN  NO.  50 
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TABIC  8-19.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  51 
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TABLE  8-24.  STRAW  SURVEY  OF  SPECIHEH  HO.  58 
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NO  CRACK  WAS  OBSERVED  ON  THE  FRONT  SKIN  BEFORE  FAILURE 


TABLE  8-26.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  S? 
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92784  FAILURE  FAILURE  FAILURE  FAILURE 


TABLE  8-27.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  58 
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TABLE  8-41 .  STRAIN  SURVEY  OF  SPECIMEN  NO.  70 
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TABLE  8-42.  CRACK  GROWTH  MEASUREMENTS  OF  SPECIMEN  NO.  70 
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APPENDIX  A 


A-l  INTRODUCTION 

Appendix  A  presents  the  randomized  loading  spectra  of  the  A-10A  and  the  AMAVS 
Flight  Spectrum.  The  loading  sequences,  as  they  are  described  In  the  Appen¬ 
dix,  represent  one  block  (Pass)  of  repeated  loading.  The  loading  conditions 
are  normalized  about  100%  of  maximum  loads.  They  are  proportionally  applied 
during  the  shear-lap  and  the  stringer  reinforced  test  program. 

A-l .1  'A-10A'  LOADING  SPECTRUM 

The  A-1CA  randomized  f 1 Ight-by-f 1 Ight  loading  spectrum  Is  presented  In  Tables 
A-l  through  A-3.  Table  A-1  provides  a  listing  of  219  flight  and  ground  condi¬ 
tions.  The  loading  conditions  are  normalized  about  condition  No.  64.  Table 
A-2  presents  the  randomized  conditions  and  the  number  of  occurrences  associ¬ 
ated  with  each  condition.  One  pass  of  randomized  loading  represents  4%  of 
life  or  240  hours  of  flight  and  ground  conditions.  There  are  7416.5  cycles 
per  one  block  which  Is  equal  to  120  flights.  Table  A-3  presents  the  marker 
band  block  ("4%)  used  during  the  test  program.  Table  A-4  presents  the  se¬ 
quences  of  the  marker  band  application  within  one  (1)  life  time  of  the  A-10A 
spectrum. 


A-l 


A-1.2  'AMAVS'  LOAOING  SPECTRUM 


The  randomized  loading  conditions  of  the  AMAVS  flight  and  ground  spectrum  Is 
presented  In  Table  A-5.  One  block  (Pass)  of  Table  A-5  represents  7.8125%  of 
one  life.  The  total  number  of  cycles  In  one  block  Is  11245  cycles,  which  Is 
equal  to  100  flights  of  the  AMAVS  spectrum.  One  life  of  the  AMAVS  Is  equal  to 
13500  flight  hours.  Each  block  contains  marker  band  cycles  Inserted  within 
it.  The  loading  conditions  at  Table  A-5  were  normalized  about  condition  No. 
17. 
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TABLE  A-l .  A-10A  NORMALIZED  LOADING  CONDITIONS 


1 

9.95 

-4.66 

9.95 

2 

9.83 

0.10 

9.83 

3 

9.95 

0.20 

9.95 

4 

10.01 

0.28 

10.01 

5 

9.83 

24.44 

9.83 

6 

9.95 

24.54 

9.95 

7 

10.01 

24.62 

10.01 

8 

9.83 

29.28 

9.83 

9 

9.95 

29.40 

9.95 

10 

10.01 

29.46 

10.01 

11 

9.83 

34.16 

9.83 

12 

9.95 

34.27 

9.95 

13 

10.01 

34.34 

10.01 

14 

9.83 

39.03 

9.83 

15 

9.95 

39.13 

9.95 

16 

10.01 

39.21 

10.01 

17 

9.95 

44.02 

9.95 

18 

10.01 

44.07 

10.01 

19 

9.95 

48.88 

9.95 

20 

10.01 

48.93 

10.01 

21 

9.95 

53.74 

9.95 

22 

10.01 

53.79 

10.01 

23 

9.95 

58.60 

9.95 

24 

10.01 

58.66 

10.01 

25 

9.95 

63.47 

9.95 

26 

9.95 

68.33 

9.95 

27 

10.01 

68.41 

10.01 

28 

10.01 

87.86 

10.01 

27 

10.01 

92.72 

10.01 

30 

11.94 

-17.39 

11.94 

31 

11.34 

-11.63 

11,84 

32 

11.94 

-11.51 

11.94 

33 

11.84 

-5.78 

11.84 

31 

11.94 

-5.65 

11.94 

35 

12.02 

-5.60 

12.02 

36 

11.84 

0.10 

11.84 

37 

11.94 

0.20 

11.94 

38 

12.02 

0.28 

12.02 

39 

11.84 

29.43 

11.84 

40 

11.94 

29.  53 

11.94 

41 

12.02 

29.61 

12.02 

42 

11.84 

35.29 

11.84 

43 

11.94 

35.41 

11.94 

44 

12. C2 

35.46 

12.02 

45 

11.84 

41.17 

11.84 

46 

11.94 

41.27 

11.94 

47 

12.02 

41.34 

12.02 

48 

11.94 

47.15 

11,94 

49 

12.02 

47.20 

12.02 

50 

11.94 

52.98 

11.94 

51 

12.02 

53.08 

12.02 

52 

11.94 

58.88 

11.94 

53 

12.02 

58.94 

12.02 

54 

11.94 

64.71 

11.94 

55 

12.02 

64.79 

12.02 
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56 

11.94 

70.60 

11.94 

57 

12.02 

70.67 

12.02 

58 

11.94 

76.43 

11.94 

59 

12.02 

76.53 

12.02 

60 

11.94 

82.33 

11.94 

61 

12.02 

82.41 

12.02 

62 

12.02 

88.26 

12.02 

63 

12.02 

94.14 

12.02 

64 

12.02 

100.00 

12.02 

65 

12.12 

-5.73 

12.12 

66 

11.99 

0.10 

11.99 

57 

12.12 

0.20 

12.12 

68 

12.19 

0.28 

12.19 

69 

11.99 

29.84 

11.99 

70 

12.12 

29.96 

12.12 

71 

12.19 

30.02 

12.19 

72 

11.99 

35.79 

11.99 

7  3 

12.12 

35.90 

12.12 

74 

12.19 

35.97 

12.19 

75 

12.12 

41.85 

12.12 

76 

12.19 

41.90 

12.19 

77 

12.12 

47.81 

12.12 

78 

12.19 

47.86 

12.19 

79 

12.12 

53.74 

12.12 

80 

12.19 

53.82 

12.19 

81 

12.12 

59.70 

12.12 

82 

12.19 

59.75 

12.19 

83 

12.12 

65.63 

12.12 

84 

12.19 

65.71 

12.19 

85 

12.12 

71.59 

12.12 

86 

12.19 

71.64 

12.19 

87 

12.19 

77.60 

12.19 

88 

12.19 

83.55 

12.19 

89 

13.90 

-6.62 

13.90 

90 

13.90 

0.10 

13.90 

91 

13.90 

34.65 

13.90 

92 

14.08 

34.83 

14.08 

93 

14.03 

41.68 

14.03 

94 

14.08 

41.73 

14.08 

95 

14.03 

48.57 

14.03 

96 

14.08 

48.63 

14.08 

97 

14.03 

55.47 

14.03 

98 

14.08 

55. 55 

14.08 

99 

14.03 

62.37 

14.03 

100 

14.08 

62.45 

14.08 

101 

14.03 

69.30 

14.03 

102 

14.08 

76.27 

14.08 

103 

9.83 

9.83 

9.83 

104 

9.95 

9.95 

9.95 

105 

10.01 

10.01 

10.01 

106 

9.83 

9.83 

9.83 

107 

9.95 

9.95 

9.95 

108 

10.01 

10.01 

10.01 

109 

9.83 

9.83 

9.83 

110 

9.95 

9.95 

9.95 
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111 

10.01 

112 

9.83 

113 

9.95 

114 

11.99 

115 

12.12 

116 

12.19 

117 

11.99 

118 

12.12 

119 

12.19 

120 

11.99 

121 

12.12 

122 

11.99 

123 

12.12 

124 

12.17 

125 

11.99 

126 

12.12 

127 

12.17 

128 

S.  83 

129 

9.95 

130 

10.01 

131 

9.83 

132 

9.95 

133 

10.01 

134 

9.83 

135 

9.95 

136 

10.01 

137 

9.83 

138 

9.95 

139 

10.01 

140 

9.95 

141 

9.95 

142 

9.95 

14  3 

10.01 

144 

9.95 

145 

10.01 

146 

9.83 

147 

9.95 

148 

9.83 

149 

9.95 

150 

11.99 

151 

12.12 

152 

12.19 

153 

11.99 

154 

12.12 

155 

12.19 

156 

11.99 

157 

12.12 

158 

12.19 

159 

12.12 

160 

12.19 

161 

12.12 

162 

12.19 

163 

12.12 

164 

12.19 

165 

12.12 

10.01 

10.01 

9.83 

9.83 

9.95 

9.95 

11.99 

11.99 

12.12 

12.12 

12.17 

12.19 

11.99 

11.99 

12.12 

12.12 

12.17 

12.19 

11.99 

11.99 

12.12 

12.12 

11.99 
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TABLE  A-3.  A-10A  MARKER  BAND  CONDITIONS 


5 

75 

69 

415 

11 

45 

243 

140 

7 

159 

161 

69 

163 

17 

144 

57 

34 

86 

7 

59 

88 

4 

28 

11 

29 

5 

75 

69 

415 

11 

45 

243 

140 

7 

159 

161 

69 

163 

17 

144 

57 

34 

86 

7 

59 

88 

4 

28 

11 

29 

5 

75 

69 

415 

11 

45 

243 

140 

7 

159 

161 

69 

163 

17 

144 

57 

34 

86 

7 

59 

88 

4 

28 

11 

29 

5 

75 

69 

415 

11 

45 

243 

140 

7 

159 

161 

69 

163 

17 

144 

57 

34 

86 

7 

59 

88 

4 

28 

11 

29 

218 

1 

34 

72 

353 

14 

13 

175 

161 

69 

142 

37 

45 

165 

11 

27 

2 

22 

87 

7 

61 

16 

1 

63 

8 

64 

2 

34 

72 

353 

14 

13 

175 

161 

69 

142 

37 

45 

165 

11 

27 

2 

22 

87 

7 

61 

16 

1 

63 

8 

64 

2 

34 

72 

353 

14 

13 

175 

161 

69 

142 

37 

45 

165 

11 

27 

2 

22 

87 

7 

61 

16 

1 

63 

8 

64 

2 

34 

72 

353 

14 

13 

175 

161 

69 

142 

37 

45 

165 

11 

27 

2 

22 

87 

7 

61 

16 

1 

63 

8 

64 

2 

TABLE  A-4.  A-10A  MARKER  BANO  CYCLES  APPLICATION 


PASS 

X  OF  LIFE 

SEQUENCE 

OEFINEO 

NUMBER 

ACCOMPLISHED 

TYPE 

ENDPOINTS 

1 

0  - 

4* 

Random 

31404 

2 

4*  - 

8* 

Random 

31407 

3 

8*  - 

12* 

Random 

31413 

4 

12*  - 

16* 

Random 

31410 

5 

16*  - 

20* 

Random 

31404 

6 

20*  - 

24* 

Random 

31419 

7 

24*  - 

28* 

Marker 

20127 

8 

28*  - 

32* 

Random 

31416 

9 

32*  - 

36* 

Random 

31413 

10 

36*  - 

40* 

Random 

31407 

11 

40*  - 

44* 

Random 

31404 

12 

44*  - 

48* 

Random 

31422 

13 

48*  - 

52* 

Marker 

20127 

14 

52*  - 

56* 

Random 

31407 

15 

56*  - 

60* 

Random 

31416 

16 

60*  - 

64* 

Random 

31416 

17 

64*  - 

68* 

Random 

31407 

18 

68*  - 

72* 

Random 

31419 

19 

72*  - 

76* 

Marker 

20127 

20 

76*  - 

80* 

Random 

31410 

21 

80*  - 

84X 

Random 

31413 

22 

84*  - 

88* 

Random 

31407 

23 

88*  - 

92* 

Random 

31404 

24 

92*  - 

96* 

Random 

31428 

?5 

96*  - 

100* 

Marker 

20127 
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4 

i 

I 

*!  TABLE  A- 5.  ANAVS  RANDOMIZED  LOADING  SPECTRUM 


( 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

3  :o.  3 

69.4 

51.2 

61.6 

36  4 

51.2 

36.2 

64.4 

41.2 

59.4 

1 

|  29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

*  9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

i  35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

n  51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2. 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

W 

k 

|  12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12,7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

(  12.7 

42.2 

12.7 

42.2 

12.7 

4  2.2 

12.7 

42.2 

12.7 

42.2 

✓ 

■  12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

\  12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

a 

12.7 

42.7 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

I 

1  12.7 

42,2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21,0 

26.0 

!  7.7 

23.0 

1G.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

*> 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

,>  12.6 

47 . 6 

12.8 

47 . 8 

15.4 

4  2.4 

15.4 

42.4 

15.4 

42.4 

*  15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

kJ 

i  27.0 

44.0 

20 .  D 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

2 

26.1 

66.6 

46.6 

57.0 

-7.0 

1.6 

-1?  .0 

66. 8 

24.1 

61.5 

n 

26.1 

66.8 

-7.0 

l.f 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15-0 

2.9 

-22.0 

76.7 

30.3 

69.4 

M 

51.2 

61.6 

36.4 

51.2 

36.2 
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42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24  1 

61.5 

26.1 

66.8 

-7.C 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12. 1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12. 1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

A- 57 


M  M  H  H  ^ 
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26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

31.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12,1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

66.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12,1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12 . 7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20. e 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47. e 

12. E 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

23.4 

66.8 

-12.0 

1.3 

-11.0 

5.2 

-7.0 

45.0 

-10.0 

2.7 

-11.0 

2.5 

-17.0 

8.1 

-14.0 

3.0 

-15.0 

2.9 

-22.0 

87 . 3 

42.3 

76.7 

22.9 

78.  J 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

26.7 

73.9 

36.2 

64.4 

41.2 

59.4 

22.5 

83.3 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

1.4 

50.1 

6.6 

40.2 

23.6 

31.8 

4.9 

35.2 

9.6 

28.4 

5.6 

50.0 

5.5 

39.1 

23.0 

52.0 

21.4 

77.6 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

23.9 

88.7 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

23.0 

78.1 

30.3 

69.4 

51.2 

61.6 

3.8 

24.8 

5.8 

22.5 

12.8 

35.7 

15.0 

33.3 

27.3 

48.9 

29.6 

46.7 

24.2 

54.2 

11.1 

47 . 8 

12 . 1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 
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* 


vr 

t  *  • 


16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.0 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51  2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6 . 6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15 .0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

6]  .5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 
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5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.6 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47. e 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

S3 . 1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52,6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

32.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

17  .  ” 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.6 

47.8 
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12.8 

47.8 

12.8 

47.8 

12.8 

15.4 

42.4 

15.4 

42.4 

15.4 

15.4 

42.4 

15.4 

42.4 

27.0 

16.6 

57.5 

29.6 

63.1 

26.1 

-11.0 

66.8 

24.1 

61.5 

26.1 

24.0 

66.8 

-11.0 

5.2 

-11.0 

-22.0 

76.7 

30.3 

69.4 

51.2 

41.2 

59.4 

29.2 

74.5 

50.3 

23.6 

31.8 

9.6 

28.4 

5.5 

52.0 

63.9 

35.1 

52.0 

31.8 

30.3 

69.4 

51.2 

61.6 

5.8 

24.2 

54.2 

11.1 

47.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

13.8 

21.0 

26.0 

7.7 

23.0 

10.1 

34.5 

49.7 

11.6 

50.9 

12.8 

12.8 

47.8 

12.8 

47.8 

12.8 

15.4 

42.4 

15.4 

42.4 

15.4 

15.4 

42.4 

27.0 

44.0 

20.5 

23.6 

63.1 

26.1 

66.8 

46.6 

24.1 

61.5 

26.1 

66.8 

-7.0 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

30.3 

69.4 

51.2 

61.6 

36.4 

29.2 

74.5 

50.3 

64.4 

34.9 

9.6 

28.4 

5.5 

39.1 

23.0 

35.1 

52.0 

31.8 

79.4 

52.6 

51.2 

61.6 

5.8 

22.5 

15.0 

11.1 

47.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

13.8 

38.2 

12.3 

7.7 

23.0 

10.1 

20.8 

10.1 

11.6 

50.9 

12.8 

47.8 

12.8 

12.8 

47.8 

12.8 

47.8 

15.4 

15.4 

42.4 

15.4 

42.4 

15.4 

27.0 

44.0 

20.5 

61.5 

23.9 

26.1 

66.8 

46.6 

57.0 

-7.0 

26.1 

66.8 

-7.0 

1.6 

-11.0 

-12.0 

1.3 

-11.0 

5.2 

-7.0 

-17.0 

8.1 

-14.0 

3.0 

-15.0 

22.9 

78.1 

30.3 

69.4 

51.2 

36.2 

64.4 

41.2 

59.4 

22.5 

34.9 

50.3 

1.4 

50.1 

6.6 

9.6 

26.4 

5.6 

50.0 

5.5 

47.8 

12.8 

47.8 

15.4 

42.4 

42.4 

15.4 

42.4 

15.4 

42.4 

44.0 

20.5 

61.5 

23.9 

56.4 

66.8 

46.6 

57.0 

-7.0 

1.6 

66.8 

-7.0 

1.6 

-11.0 

46.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

61.6 

36.4 

51.2 

36.2 

64.4 

64.4 

34.9 

50.3 

6.6 

40.2 

39.1 

23.0 

52.0 

28.2 

69.4 

79.4 

52.6 

68.3 

38.7 

52.6 

22.5 

15.0 

33.3 

29.6 

46.7 

45.6 

12.1 

45.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

38.2 

12.3 

30.9 

15.3 

27.9 

20.8 

10.1 

20.8 

16.1 

38.9 

47.8 

12.8 

47.8 

12.8 

47.8 

47.8 

15.4 

42.4 

15.4 

42.4 

42.4 

15.4 

42.4 

15.4 

42.4 

61.5 

23.9 

56.4 

16.6 

57.5 

57.0 

-7.0 

1.6 

-11.0 

66.8 

1.6 

-11.0 

46.0 

24.0 

66.8 

8.1 

-15.0 

2.9 

-22.0 

76.7 

51.2 

36.2 

64.4 

41.2 

59.4 

50.3 

6.6 

40.2 

23.6 

31.8 

52.0 

28.2 

69.4 

52.0 

63.9 

68.3 

38.7 

52.6 

30.3 

69.4 

33.3 

29.6 

46.7 

24.2 

54.2 

45.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.1 

45.8 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

30.9 

15.3 

27.9 

21.0 

26.0 

20.8 

16.1 

38.9 

34.5 

49.7 

47.8 

12.8 

47.8 

12.8 

47.8 

42.4 

15.4 

42.4 

15.4 

42.4 

42.4 

15.4 

42.4 

15.4 

42.4 

56.4 

16.6 

57.5 

29.6 

63.1 

1.6 

-11.0 

66.8 

24.1 

61.5 

46.0 

24.0 

66.8 

23.4 

66.8 

45.0 

-10.0 

2.7 

-11.0 

2.5 

2.9 

-22.0 

37.3 

42.3 

76.7 

61.6 

36.4 

51.2 

26.7 

73.9 

83.3 

29.2 

74.5 

50.3 

64.4 

40.2 

23.6 

31.8 

4.9 

35.2 

39.1 

23.0 

52.0 

21.4 

77.6 
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28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

23.9 

88.7 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

23.0 

78.1 

30.3 

69.4 

51.2 

61.6 

3.8 

24.8 

5.8 

22.5 

12.8 

35.7 

15.0 

33.3 

27.3 

48.9 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

9.9 

33.6 

12.3 

30.9 

14.3 

29.0 

15.3 

27.9 

21.0 

26.0 

5.1 

25.7 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

13.2 

42.0 

16.1 

38.9 

31.8 

52.4 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

18.7 

69.5 

20.5 

61.5 

18.6 

63.7 

23.9 

56.4 

14.7 

65.5 

16.6 

57.5 

23.2 

70.1 

29.6 

63.1 

20.7 

75.7 

26.1 

66.8 

46.6 

57.0 

-6.0 

1.7 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

5.2 

-11.0 

1.3 

-7.0 

1.6 

-11.0 

66.8 

24.0 

61.5 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51 . 2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46,7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12,7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 
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12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

55.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

6e.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12  7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61.5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

76.7 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

36.2 

64.4 

41.2 

59.4 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

6.6 

40.2 

23.6 

31.8 

9.6 

28.4 

5.5 

39.1 

23.0 

52.0 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

30.3 

69.4 

51.2 

61.6 

5.8 

22.5 

15.0 

33.3 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

32.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42 . 2 

12.7 

42.2 

13.8 

38.2 

12.3 

30.9 

15.3 

27.9 

21.0 

26.0 

7.7 

23.0 

10.1 

20.8 

10.1 

20.8 

16.1 

38.9 

34.5 

49.7 

11.6 

50.9 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47.8 

12.8 

47 . 8 

12.8 

47.8 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

15.4 

42.4 

27.0 

44.0 

20.5 

61 . 5 

23.9 

56.4 

16.6 

57.5 

29.6 

63.1 

26.1 

66.8 

46.6 

57.0 

-7.0 

1.6 

-11.0 

66.8 

24.1 

61.5 

26.1 

66.8 

-7.0 

1.6 

-11.0 

46.0 

24.0 

66.8 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

8.1 

-15.0 
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-22.0 

76.7 

30.3 

69.4 

51.2 

41.2 

59.4 

29.2 

74.5 

50.3 

23.6 

31.8 

9.6 

28.4 

5.5 

52.0 

63.9 

35.1 

52.0 

31.8 

30.3 

69.4 

51.2 

61.6 

5.8 

24.2 

54.2 

11.1 

47.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

13.8 

21.0 

26.0 

7.7 

23.0 

10.1 

34.5 

49.7 

11.6 

50.9 

12.8 

12.8 

47.8 

12.8 

47.8 

12.8 

15.4 

42.4 

15.4 

42.4 

15.4 

15.4 

42.4 

27.0 

44.0 

20.5 

29.6 

63.1 

26.1 

66.8 

46.6 

24.1 

61.5 

26.1 

66.8 

-7.0 

-11.0 

5.2 

-11.0 

2.5 

-17.0 

30.3 

69.4 

51.2 

61.6 

36.4 

29.2 

74.5 

50.3 

64.4 

34.9 

9.6 

28.4 

5.5 

39.1 

23.0 

35.1 

52.0 

31.8 

79.4 

52.6 

51.2 

61.6 

5.8 

22.5 

15.0 

11.1 

47.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

4  2.2 

13.8 

38.2 

12.3 

7.7 

23.0 

10.1 

20.8 

10.1 

11.6 

50.9 

12.8 

47.8 

12.8 

12.8 

47.8 

12.8 

47.8 

15.4 

15.4 

42.4 

15.4 

42.4 

15.4 

27.0 

44.0 

20.5 

61.5 

23.9 

26.1 

66.8 

46.6 

57.0 

-7.0 

26.1 

66.8 

-7.0 

1.6 

-11.0 

-11.0 

2.5 

-17.0 

8.1 

-15.0 

51.2 

61.6 

36.4 

51.2 

36.2 

50.3 

64.4 

34.9 

50.3 

6.6 

5.5 

39.1 

23.0 

52.0 

28.2 

31.8 

79.4 

52.6 

68.3 

38.7 

5.8 

22.5 

15.0 

33.3 

29.6 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.7 

42 . 2 

12.7 

12.7 

42.2 

12.7 

42 .2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42 . 2 

12.7 

61.6 

36.4 

51.2 

36.2 

64.4 

64.4 

34.9 

50.3 

6.6 

40.2 

39.1 

23.0 

52.0 

28.2 

69.4 

79.4 

52.6 

68.3 

38.7 

52.6 

22.5 

15.0 

33.3 

29.6 

46.7 

45.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

38.2 

12.3 

30.9 

15.3 

27.9 

20.8 

10.1 

20.8 

16.1 

38.9 

47.8 

12.8 

47.8 

12.8 

47.8 

47.8 

15.4 

42.4 

15.4 

42.4 

42.4 

15.4 

42.4 

15.4 

42.4 

61.5 

23.9 

56.4 

16.6 

57.5 

57.0 

-7.0 

1.6 

-11.0 

66.8 

1.6 

-11.0 

46.0 

24.0 

66.8 

8.1 

-15.0 

2.9 

-22.0 

76.7 

51.2 

36.2 

64.4 

41.2 

59.4 

50.3 

6.6 

40.2 

23.6 

31.8 

52.0 

28.2 

69.4 

52.0 

63.9 

68.3 

38.7 

52.6 

30.3 

69.4 

33.3 

29.6 

46.7 

24.2 

54.2 

45.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.1 

45.8 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

30.9 

15.3 

27.9 

21.0 

26.0 

20.8 

16.1 

38.9 

34.5 

49.7 

47.8 

12.8 

47.8 

12.8 

47.8 

42.4 

15.4 

42.4 

15.4 

42.4 

42.4 

15.4 

42.4 

15.4 

42.4 

56.4 

16.6 

57.5 

29.6 

63.1 

1.6 

-11.0 

66.8 

24.1 

61.5 

46.0 

24.0 

66.8 

-11.0 

5.2 

2.9 

-22.0 

76.7 

30.3 

69.4 

64.4 

41.2 

59.4 

29.2 

74.5 

40.2 

23.6 

31.8 

9.6 

28.4 

69.4 

52.0 

63.9 

35.1 

52.0 

52.6 

30.3 

69.4 

51.2 

61.6 

46.7 

24.2 

54.2 

11.1 

47.8 

45.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.1 

45.8 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 
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12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

13.8 

38.2 

12.3 

30.9 

15.3 

10.1 

20.8 

10.1 

20.8 

16.1 

12.8 

47.8 

12.8 

47.8 

12.8 

12.8 

47.8 

15.4 

42.4 

15.4 

15.4 

42.4 

15.4 

42.4 

15.4 

20.5 

61.5 

23.9 

56.4 

16.6 

46.6 

57.0 

-7.0 

1.6 

-11.0 

-7.0 

1.6 

-11.0 

46.0 

24.0 

-17.0 

8.1 

-15.0 

2.9 

-22.0 

36.4 

51.2 

36.2 

64.4 

41.2 

34.9 

50.3 

6.6 

40.2 

23.6 

23.0 

52.0 

28.2 

69.4 

52.0 

52.6 

68.3 

38.7 

52.6 

30.3 

15.0 

33.3 

29.6 

46.7 

24.2 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.3 

30.9 

15.3 

27.9 

21.0 

10.1 

20.8 

16.1 

38.9 

34.5 

12.8 

47.8 

12.8 

47.8 

12.8 

15.4 

42.4 

15.4 

42.4 

15.4 

15.4 

42.4 

15.4 

42.4 

15.4 

23.9 

56.4 

16.6 

57.5 

29.6 

-7.0 

1.6 

-11.0 

66.8 

24.1 

-11.0 

46.0 

24.0 

66.8 

-11.0 

-15.0 

2.9 

-22.0 

76.7 

30.3 

36.2 

64.4 

41.2 

59.4 

29.2 

6.6 

40.2 

23.6 

31.8 

9.6 

28,2 

69.4 

52.0 

63 . 9 

35.1 

38.7 

52.6 

30.3 

69.4 

51.2 

29.6 

46.7 

24.2 

54.2 

11.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.1 

45.8 

12.1 

45.8 

12.1 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

12.7 

42.2 

12.7 

42.2 

12.7 

15.3 

27.9 

21.0 

26.0 

7.7 

16.1 

38.9 

34.5 

49.7 

11.6 

12.8 

47.8 

12.8 

4  7.8 

12.8 

15.4 

42.4 

15.4 

42.4 

15.4 

15.4 

42.4 

15.4 

42.4 

27.0 

16.6 

57.5 

29.6 

63.1 

26.1 

-11.0 

66.8 

24.1 

61.5 

26.1 

24.0 

66.8 

23.4 

66.6 

-12.0 

-10.0 

2.7 

-11.0 

2.5 

-17.0 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

27.9 

21.0 

26.0 

7.7 

23.0 

38.9 

34.5 

49.7 

11.6 

50.9 

47.8 

12.8 

47.8 

12.8 

47.8 

42.4 

15.4 

42.4 

15.4 

42.4 

42.4 

15.4 

42.4 

27.0 

44.0 

57.5 

29.6 

63.1 

26.1 

66.8 

66.8 

24.1 

61.5 

26.1 

66.8 

66.8 

-11.0 

5.2 

-11.0 

2.5 

76.7 

30.3 

69.4 

51.2 

61.6 

59.4 

29.2 

74.5 

50.3 

64.4 

31.8 

9.6 

28.4 

5.5 

39.1 

63.9 

35.1 

52.0 

31.8 

79.4 

69.4 

51.2 

61.6 

5.8 

22.5 

54.2 

11.1 

47.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.1 

45.8 

45. S 

12.1 

45.8 

12.1 

45.8 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

13.8 

38.2 

26.0 

7.7 

23.0 

10.1 

20.8 

49.7 

11.6 

50.9 

12.8 

47.8 

47.8 

12.8 

47.8 

12.8 

47.8 

42.4 

15.4 

42.4 

15.4 

42.4 

42.4 

27.0 

44.0 

20.5 

61.5 

63.1 

26.1 

66.8 

46.6 

57.0 

61.5 

26.1 

66.8 

-7.0 

1.6 

5.2 

-11.0 

2.5 

-17.0 

8.1 

69.4 

51.2 

61.6 

36.4 

51.2 

74.5 

50.3 

64.4 

34.9 

50.3 

28.4 

5.5 

39.1 

23.0 

52.0 

52.0 

31.8 

79.4 

52.6 

68.3 

61.6 

5.8 

22.5 

15.0 

33.3 

47.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.1 

45.8 

45.8 

12.1 

45.8 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

12.7 

42.2 

12.7 

42.2 

42.2 

13.8 

38.2 

12.3 

30.9 

23.0 

10.1 

20.8 

10.1 

20.8 

50.9 

12.8 

47.8 

12.8 

47.8 

47.8 

12.8 

47.8 

15.4 

42.4 

42.4 

15.4 

42.4 

15.4 

42.4 

44.0 

20.5 

61.5 

23.9 

56.4 

66.8 

46.6 

57.0 

-7.0 

1.6 

66.8 

-7.0 

1.6 

-11.0 

46.0 

1.3 

-11.0 

5.2 

—  7.0 

45.0 

b.l 
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-15.0 
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-22.0 

87.3 

42.3 

76.7 

22.9 

78.1 

30.3 

69.4 

51.2 

61.6 

36.4 

51.2 

26.7 

73.9 

36.2 

64.4 

41.2 

59.4 

22.5 

83.3 

29.2 

74.5 

50.3 

64.4 

34.9 

50.3 

1.4 

50.1 

6.6 

40.2 

23.6 

31.8 

4.9 

35.2 

9.6 

28.4 

5.6 

50.0 

5.5 

39.1 

23.0 

52.0 

21.4 

77.6 

28.2 

69.4 

52.0 

63.9 

35.1 

52.0 

23.9 

88.7 

31.8 

79.4 

52.6 

68.3 

38.7 

52.6 

23.0 

78.1 

30.3 

69.4 

51.2 

61.6 

3.8 

24.6 

5.8 

22.5 

12.8 

35.7 

15.0 

33.3 

27.3 

48.9 

29.6 

46.7 

24.2 

54.2 

11.1 

47.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.1 

45.8 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 

42.2 

12.7 
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